an 
Ea 


aay 


“OFFICERS “AND. COUNCIL. 


President. aoc 
C. CHREE, Se.D., LL.D., ERS. 


Vice-Presidents - : 
~Wuo WAVE FILLED THE, Orrice OF Dans SIDENT. bes 
PROF. G. C. FOSTER, D.Sc., LL.D. BRS. 
PROF. W, G. ADAMS, MA. BRS satis 
. PROF, R. B: CLIFTON, M.A., F.R.S, 
PROF, A. W. REINOLD, MA, E.B.S. SL 
STR ARTHUR Wi: RUCKER, M. AL D;Se.- ERS. c 
SIR W. pe W. ABNEY, RE. K.C.B., DCL, E.R. - 
SHELFORD BIDWELL, ‘MA. -LL.B.; Sc.D. FR: : 
PRIN. SIR OLIVER: J. LODGE, DSe., LL). PRS 
PROF. SILVANUS P. THOMPSON, DSc, eS 
i Waa Bs GLAZEBROOK, 7).Se:; ERS. : 
PROF, J. H. POYNTING, SeD., RRS. 
PROP, J. ERR RS D.Se., ERS. 


as Vice-Presidents. 

Ww. DUDDELL, E.RB.S. 

PROF. A, SCHUSTER, PhD, PRS. 
S. SKINNER; M.A) - SS 
Ww. WATSON; D:8c., E.R.S, 


Secretaries, Pt 

W. R. COOPER, M.A. 

82 Victoria Street, SW. ; satu 
S.W. J SMITH! McAS DSor 5 A 

TInperiat College of Science and Technology, South Kensington, 288 


Foreign Secretary, ~~ 
PROF. S..P. THOMPSON, DSc, ERS. 
' -.~ » Treasurer. 
“PROF, H, L. OALLENDAR, M.A;; LL.D; PRS 
: 49 Grange Road, Ealing, Wo 


ae Librarian. 
W. WATSON, D.Sc, E.R:S, ~ Pas sees 
Royal College of Science. - : 


Other Members of Council, 
A. CAMPBELL, B.A. 

W. H. ECCLES, DS. nes SR ee 
A! GRIFFITHS, D.Sc. $x perce e 
.J. A. HARKER, D.Sc. ‘ 

PROF. C. H. LEES, D.Sc., PRS. ete ON A ee 
T. MATHER, RRS. a Re A me 


Be A. -RUSSELLS MAS Piso 22 a CA ae 
Secs PROF, EB. RUTHERFORD, D.Se, FBS. ; 
F. E. SMITH. 


RS. WHIPPLE, 


CONDUCTOR OF UNIFORM THICKNESS. 335 


When, on the other hand, the ratio n of the breadths becomes 
nearly unity the correction Kees to 


Gat Sts Ge 


and when it is eh nearly unity to 


5 


eae 19 — loge (n—1)}. 


In order to exhibit the ‘character of this correction the 
following table has been calculated. 


Correction to be added to the length of one conductor in terms of 
the breadth of that conductor, in order to make the total 
resistance equal to the sum of the resistances of the two 
conductors, each considered as part of a conductor of infinite 


length. 
Ratio of No. of breadths to Ratio of No. of breadths to 
breadths, | he added to length. || breadths. | be added to length. 
10 0 3:0 48 
1:2 032 4:0 65 
1-4 080 6:0 90 
Ar 17 10:0 1:24 
2:0) 25 150 1-46 
2°5 37 20:0 1°65 
Discussion. 


Dr Russett congratulated the Author on having obtained the exact 
solution of an important problem and thanked him for giving it in a 
form in which it could be utilised readily by electricians. Somewhat 
similar problems are of frequent occurrence in practice, in particular he 
instanced the measurement of the resistance of the bonds connecting the 
rails in electric tramway systems. The difficulty in this case is in 
knowing where the rail ends and the bond begins, 

A small variation in the position of the potential contacts makes a 
large variation in the reading of the galvanometer. In many cases the 
only way of attacking the problem is to calculate the resistance from 
the known resistivity of the metals by the approximate method indicated 
by Maxwell, An exact solution, therefore, like the one obtained by the 
Author, would be of great value in checking the accuracy of the 
approximate method. 
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XXII. Homogeneous Secondary Réntgen Radiations. By 
Cuares G. Barkua, WA., D.Sc., Lecturer in Advanced 
Electricity, and Cuartus A. Sapier, V.Sc., Demonstrator 
in Physics, University of Liverpool *. 


THoucH there are many phenomena of Secondary Réntgen 
Rays still awaiting investigation, it seems desirable in pub- 
lishing the results of recent experiments—principally on 
the homogeneous secondary radiations—that a general survey 
should be made of the whole subject of ‘“ Secondary X-Rays 
emitted by substances subject to X-Rays,” and that a more 
concise statement of the experimental results and the con- 
clusions based on these should be given. This, indeed, 
appears a necessity not only in order to make intelligible 
the results of what would otherwise appear isolated experi- 
ments of little significance, but to exhibit the observed 
limitations or the generality of laws which are continually 
being tested by further experiments on a variety of sub- 
stances and under a variety of conditions. 

As has been shown in previous papers 1, the behaviour of 
substances subject to X-rays varies enormously with the 
atomic weight of the substance exposed, and generalizations 
cannot safely be arrived at except after an extensive series 
of experiments on a large number of elements. 

The results which have so far been found to be perfectly 
general will be briefly stated } :— 

* Read June 12, 1908. 

The expenses of this research have been partially covered by a 
Government Grant through the Royal Society.—C. G. B. 

+ As frequent references are made to the following papers, they are 
denoted by the letters a—g :— 

Bark La: a. Phil. Mag. June 1908, pp. 685-698. 
6, Phil. Mag, May 1904, pp. 543-560. 
ce. Phil. Trans. A, vol. 204, 1905, pp. 467-479. 
d. Roy. Soc. Proc. A, vol. 77, 1906, pp. 247-255. 
e. Phil. Mag. June 1906, pp. 812-828, 
g. Phil. Mag. Feb. 1908, pp. 288-296. 
BarEva & Sapuer: f. Phil. Mag. Sept. 1907, pp. 408-422, 

{ These results were given in the papers to which reference has 
already been made; later experiments have not revealed any exceptions. 
It appears quite possible, however, that under certain conditions 
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All substances subject to X-rays are a source of secondary 
X-rays. 

The radiation from a given element is independent of the 
physical state of the substance and of its mixture or even 
chemical combination with other elements. 

The character of the secondary radiation from an element 
is independent of the intensity of the primary radiation 
producing it. 

The intensity of secondary radiation from an element is 
proportional to the intensity of the primary radiation of 
definite character producing it. 

The absorption by a thin sheet of any substance of the 
secondary rays from various elements subject to the same 
primary beam is a periodic function of the atomic weight of 
the radiating substance. 

There are, however, groups of elements of neighbouring 
atomic weight into which substances may conveniently be 
divided ; for when a primary beam of ordinary penetrating 
power is used, the radiations from the various elements in 
one group are very similar in properties, while those from 
elements in different groups differ considerably. But it 
should be understood that this grouping is somewhat 
arbitrary, as elements of intermediate atomic weight emit 
radiations possessing intermediate properties, and the classi- 
fication depends to a certain extent on the character of the 
primary radiation. It is, however, convenient for the 
purpose of description. 


H-S Group. 


The group of substances of atomic weights from that 
of hydrogen to that of sulphur appears simplest in behaviour 
under X-rays of ordinary penetrating power. 

Each element, when subject to such a primary beam, 
emits a secondary radiation which has almost exactly the 


exceptions will be found. Crowther, who by careful experiment has 
further verified some of these results (Phil. Mag. Nov. 1907), finds much 
less intense radiation from nickel when in combination as nickel carbonyl 
than we have obtained from the pure element in the solid state. Asthis 
eannot be accounted for by variation in the primary beams used, it is 
perhaps worthy of further investigation. 

202 
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same penetrating power as the primary producing it. The 
secondary beam is complex like the primary, and contains 
the rays of various penetrating powers in approximately the 
same proportion as the primary (a & b). 

Though it is very difficult, if not impossible, to detect by 
direct methods a difference in the penetrating powers of 
primary and secondary beams, when the primary is not 
more than moderately penetrating, it appears from indirect 
evidence that the secondary radiation is always slightly 
more absorbable than the primary (0). With more pene- 
trating primary rays the difference is more marked (b & *). 

The intensity of radiation emitted by these elements is 
proportional merely to the quantity of matter passed through 
by a primary beam of definite intensity, if of low to moderate 
penetrating power : in other words, the intensity of radiation 
from an atom is proportional to the atomie weight f (a & 6). 

The secondary radiation proceeding from one of these 
substances in a direction perpendicular to that of pro- 
pagation of the primary is fairly completely polarized, 
when the rays are of the absorbable type (d). 

The intensity of secondary radiation from each of these 
substances varies in different directions perpendicular to 
that of propagation of a polarized primary beam (e). 

The amount of polarization in a primary beam, as in- 
dicated by the secondary rays, diminishes with an increase 
in the “hardness” of a given X-ray tube emitting the 
primary radiation. 

The secondary radiation from these substances is approxi- 
mately twice as intense in the direction opposite to that of 
propagation of the primary rays as the average in directions 
at right angles, when the primary beam consists of rays 
of the easily absorbed type (9). (Polarization produces 
variation in different directions at right angles to the 
primary beam.) 


* Beatty, Phil. Mag. Nov. 1907, pp. 604-614. 

+ It was considered possible that the discrepancy in the case of 
hydrogen, as found by one of us, might be explained by the mixture of a 
small quantity of air. Crowther, however, from more recent experiments 
has concluded that hydrogen and helium in this group are exceptions to 
this law of intensity. 
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This ratio varies somewhat with a variation in the cha~ 
racter of the primary rays, but has not been found to exceed 
Qe. 


The results of all the experiments when an easily absorbed 
primary was used as the exciting beam, may be explained on 
the theory as given by Professor J. J. Thomson * shortly 
after the earliest systematic experiments on light gases. 
The electric displacement in the primary Réntgen pulses 
when passing over the electrons produces accelerations in 
these in the direction of that displacement, and thus causes 
the emission of secondary pulses of equal thickness. The 
natural deductions from this theory have all been strikingly 
verified by experiments on substances of low atomic weight 
when subject to an easily absorbed primary beam. 

Before the phenomena of secondary X-rays from these 
light atoms may be said to be fully understood, we must 
explain the effects produced when the primary rays change 
to those of more penetrating type. In experiments that 
have been described the secondary rays began to differ 
in penetrating power from the primary,—they were more 
easily absorbed ; they gave less evidence of polarization of 
the primary beam, the variation falling from about 20 per 
cent. to 6 or 7 per cent. in experiments made while the 
primary became more penetrating ; the ratio of intensity of 
secondary radiation in the direction opposite to that of 
propagation of the primary beam to that in one at right 
angles dropped considerably; the ratio of ionization in 
the secondary electroscope to that in one testing the primary 
beam increased slightly. 

These results might be explained qualitatively either by 
the introduction of a secondary radiation of different type 
superposed on the almost perfeetly scattered, or by the 
scattering becoming more imperfect by the introduction 
of forces of considerable magnitude other than those pro- 
duced directly by the primary pulses during the passage 
of those primary pulses over the electrons, or by the intro- 
duction of a greater proportion of tertiary rays due to 


* ‘Conduction of Electricity through Gases’ (2nd edition) p. 321, 
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the emergence of the secondary rays from greater depths 
of the radiating substance, or by a combination of these. 

Though the experiments, the results of which are stated 
above, were not performed concurrently, it was evident that 
the variation in intensity of secondary radiation exhibiting 
the polarity of the primary beam changed from about 20 per 
cent. to only about 6 or 7 per cent. as the X-ray tube became 
“harder,” even before a difference between the penetrating” 
powers of primary and secondary beams could be detected by 
direct comparison. It was not evident whether this change 
was actually one in the polarization of the primary beam 
itself or in the efficiency of the secondary rays in exhibiting 
a polarization of constant magnitude. The latter appeared 
the more probable when considered in conjunction with the 
changes that had been found in the ratio of intensities of 
secondary rays in a direction almost opposite to that of 
primary propagation and one at right angles, Further ex- 
periments were therefore made to determine if the changes 
were all attributable to the same cause. It was found, how- 
ever, that although increasing the hardness of a given X-ray 
tube produced a decrease in the amount of polarization 
detected, the more penetrating portion of a primary which 
was transmitted through a sheet of aluminium did not 
exhibit less polarity but slightly more, indicating that the 
effect was due not merely to change in the penetrating power 
of the radiation but to some change in the polarity of the 
primary beam itself. This was supported by the fact that 
the secondary radiation did not become appreciably different 
in penetrating power from the primary producing it,—indi- 
cating a fairly perfect scattering. Finally, later experiments 
have shown that for a primary radiation proceeding from a 
tube in the state of hardness which has invariably been found 
to exhibit a minimum of polarity in the primary, the ratio of 
intensities of secondary rays in the two directions indicated 
has been such as would be given by an almost perfectly 
scattered radiation. 

We cannot then attribute the decrease in the amount of 
polarization of a primary beam exhibited by the secondary 
rays to the scattered rays being only partially a scattered 
radiation or to imperfection of scattering, but it is almost 
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certainly a decrease in the polarity actually existing in a 
primary beam when the tube becomes harder. 

These results are possibly due to the more swiftly moving 
cathode particles in the X-ray tube being productive of 
more secondary cathode rays in the anti-cathode. As the 
secondary cathode particles are not directed like the primary 
cathode rays, they produce radiation which is not polarized. 
The greater the number of secondary cathode particles pro- 
duced, the less is the polarity of the complex radiation. As 
the X-radiation from the secondary cathode particles is 
probably less penetrating than that due to the primary 
cathode particles, the more penetrating portion of the 
complex X-radiation exhibits slightly more polarity than 
the more easily absorbed. 

The small increase observed in the intensity of secondary 
radiation from air, paper, &c., as measured by the ionization 
produced in an electroscope, when the primary beam is made 
more penetrating, is possibly due to the superposition of a 
homogeneous unscattered radiation, such as is emitted by 
elements of higher atomic weight. This would account for 
the complex secondary radiation differing more and more in 
penetrating power from the primary as the latter became 
more penetrating ; for it has a definite penetrating power 
characteristic merely of the element emitting it. Though 
experiments have not yet been made to analyse this secondary 
radiation set up by the more penetrating radiation, it appears, 
for reasons discussed later, exceedingly probable that such a 
radiation does appear when a penetrating primary beam is 
used. 

A point still awaiting investigation is the change in the 
observed ratio of intensities of secondary radiation in direc- 
tions approximately opposite and perpendicular to that of 
primary propagation. Experiments have been made to 
ascertain the amount by which this ratio is affected by a 
change in the polarization of the primary beam, by the 
superposition of tertiary rays in greater proportion, and 
by the superposition of homogeneous radiation characteristic 
of the radiating element. In these later experiments, how- 
ever, the deviation from the theoretical ratio for perfect 
scattering has through all the changes made in the primary 
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beam been much less than in the first experiments ; and it 
has been found that even a fairly penetrating primary beam— 
much more penetrating than any used in the experiments 
referred to in a previous paper (g)—sets up secondary rays 
whose intensity distribution is within a few per cent. of that 
which would be given by perfect scattering. This matter is 
being further investigated *. 


Cr-Zn Grove. 

The radiation proceeding from elements of atomic weight 
between those of chromium and zinc, when subject to X-rays 
of ordinary penetrating power, is of a very different type 
from that discussed, for from no two elements in this group 
is the penetrating power the same. The absorption by a thin 
sheet of aluminium ‘0104 cm. thick is, between these limits 
of atomic weight, a decreasing function of the atomic weight. 
varying from 94 per cent. for the radiation from chromium 
to 64 per cent. for the radiation from zinc. [One of the 
primary beams used was absorbed to the extent of about 
34 per cent. | 

Homogeneity.—One of the most remarkable features about 
the radiation from any one of these elements is that though 
the primary rays incident upon the substance are very 
heterogeneous, that is consist of rays varying considerably 
in penetrating power, the secondary rays are homogeneous. 
This point has been briefly referred to in a_ previous 
paper (/). 

To give a particular example :—The ionization produced 
in a given electroscope by a primary X-ray beam was 
diminished by 51 per cent. by placing a sheet of aluminium 
‘0208 cm. in thickness in its path ; after 77 per cent. had 
been absorbed by aluminium, a similar plate produced a 

* It ought to be remarked, that though an elementary consideration 
of the production of secondary rays indicates that the intensity of 
radiation is the same in the forward and backward directions, and that 
each of these is double that in a direction at right angles, a more complete 
theory shows that these results can at best be only approximately true. 
It is only necessary to consider the action of the magnetic field in the 
primary pulses on the electrons as they begin to move under the action of 
purely electric forces, tu see that dissymmetry must exist. A complete 
theory must also take into consideration the distribution of the tubes of 
electric force round each radiating electron. 


HOMOGENEOUS SECONDARY RONITGEN RADIATIONS, $43 


further diminution of this ionization by 27 per cent. ; after 
91 per cent. had been absorbed the same plate cut off only 
18 per cent., showing that the rays after each transmission 
became on the average more and more penetrating. This 
effect has been explained as due to the more absorbable 
constituents being sifted out. 

Although such a primary beam produced in one of this 
class of substances the secondary radiation experimented 
upon, it was found that the secondary radiation was of an 
entirely different type, being equally absorbed after trans- 
mission through sheet after sheet of absorbing substance. 

The radiation from thick copper was found not to differ 
appreciably from that from a very thin sheet which was only 
thick enough to absorb 14 per cent. of the primary rays. 
Thus the radiations from the deeper layers after transmission 
through the surface layers were of the same character as 
those from the surface layers. Consequently, in dealing 
with these secondary rays it is not necessary as in the 
H—S group to deal with very thin plates in order to 
determine the character of the radiation as emitted by the 
atoms themselves. 

Using zine as the radiating substance, the direct ionizing 
effect of the secondary rays was determined, and afterward 
the ionization produced by the same beam after transmission 
through thin sheets of zinc and aluminium placed at a 
distance of several centimetres from the detecting electro- 
scope in order to avoid complications due to the more easily 
absorbed corpuscular secondary rays from the metal sheet. 

The effect of the radiation from air was determined by 
separate experiments, and correction was then made for this in 
each observation, though when a large proportion of the 
secondary rays was absorbed, the air radiation was quite a 
considerable fraction of the whole and the possible error was 
as a consequence greatly increased, 

Below are tabulated the percentage absorptions by a plate 
of zinc *00131 cm. thick and one of aluminium ‘0104 cm. 
thick of the secondary beam direct from zine and of this beam 
after transmission through various thicknesses of aluminium. 
These results exhibit the striking homogeneity of the radiation 
from zine. 
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TaBLE I. 
Radiation from Zinc (thick sheet). 
1G AT ITI. 
Percentage Absorption | Percentage Absorption | Percentage Absorption 
by Al by Zn (00131 cm.) by Al (0104 cm.) 
previous to absorption after absorption after absorption 
in column II. or III. in column I, in column I. 
0 866 67°6 
22 36°2 67 
67 35°4 _— 
0 35'8 —_ 
89 35°4 67 
O7 33°9 66 
0 B42 = 


Similar experiments were made on the absorption of the 
radiation from zinc by zinc when that radiation had been 
passed through various thicknesses of zinc to absorb different 
proportions of it. 

The radiation from copper was examined in the same way. 


Tas1e II. 
Radiation from Copper (thick sheet). 


Ts Eh. 
Percentage Absorption | Percentage Absorption 
: by Zn by Zn (‘00131 cm.) 
previous to absorption after absorption 
in column II. in column I. 
0 43 
44 44 
0 41-4 
42°6 42-6 
67°5 43°1 
81:5 42 
96-7 41:8 
0 425 
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All these experiments show extremely little change in the 
percentage absorption even after almost complete absorption. 
The contrast between primary and secondary beams is 
strikingly shown in fig. 1, in which the absorptions are 
represented by ordinates and the amount previously absorbed 
by abscissee. The corresponding curve for the secondary 
radiation from paper (in this case subject to penetrating 
primary rays) is given for comparison (fig. 1). 


PERCENTAGE ABSORPTION BY THIRD ELEMENT 


° 10 20 30 40 50 60 70 80 90 100 
FERCENTAGE PREVIOUSLY ABSORBED BY SECOND ELEMENT 


Note.—Cu Zn Zn ‘00131 indicates :—Copper radiation after transmission 
through Zn is absorbed by Zn ‘00131 cm. thick to extent shown by 
ordinates, 


Independence of Primary Rays.-—To exhibit the inde- 
pendence of the penetrating power of the secondary radiation 
from one of these metals Cu, of that of the primary pro- 
ducing it, we have tabulated below the absorbability of 
various primary rays and that of the secondary rays produced 
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by these. Though the absorption of the primary by alu- 
minium ‘0208 cm. thick varied from 52 to 18 per cent., the 
absorptions of the corresponding secondary beams from 
copper by aluminium ‘0104 cm. thick were as nearly as 
observable the same, the experimentally determined values 
being 58°3 and 58:1 per cent. respectively. This constancy 
in character makes accurate experiments on these radiations 
possible. 


Tasxe III. 
Radiation from Copper (thick sheet). 
I, II. IIl. 
Percentage Absorption | Percentage Absorption 
1 of of Primary Rays Percentage Absorption 
Primary Radiation by Al (-0208 em.) of Secondary Rays 
previons to incidence after absorption given by Al (0104 cm.). 
on Cu radiator, in column I, 
0 . 58 
52 ne 58°6 
0 52 58:3 
17 27 58°8 
0 51 58:4 
91 18 581 
0 51 58°8 


Each of these elements therefore emits a characteristic 
radiation which is independent of the penetrating power of 
the primary beam setting up this radiation, and being homo- 
geneous, the absorption-coefficient calculated from the 
relation I=IJ,e~** has a value which is independent of the 
thickness « of absorbing substance *—a property which 
appears to be unknown among X-ray beams hitherto experi- 
mented upon. 

The absorption-coefficients for the radiations from Fe, 

* After transmission through sheets of absorbing substance, secondary 
rays are superposed on the transmitted radiation, and the resultant 
radiation in some cases ceases to be even approximately homogeneous, 
This effect can, however, be readily distinguished from true hetero- 
geneity by using as absorbers only those substances in which a radiation 
of different type is not stimulated. 


HOMOGENEOUS SECONDARY RONTGEN RADIATIONS. 347 


Co, Ni, Cu, and Zn, when absorbed by Al, Fe, Cu, Zn, Ag, 
Sn, and Pt have been given in a previous paper (/). 
Though it has been shown that the secondary radiation 
from some of the substances in this group (Cr—Zn) is re- 
markably homogeneous in comparison with the primary 
which produces it, the test applied is not one of extreme 
delicacy, and the presence of the scattered radiation similar 
to that of the first group (H-S) and of intensity given by the 
law found for that group would be exceedingly difficult to 
detect, as it would produce only about 4}, of the total 
ionization actually produced by the secondary rays from 
a very thin sheet of copper. Now we have seen that a 
radiation after transmission through metals may contain a 
considerable proportion of the radiation which is character- 
istic of the metal traversed and which was not in the incident 
radiation. This acquired radiation may even, if the substance 


TaBLe IV. 
Radiation from Copper (thick sheet). 


TI. 
th Percentage Absorption by Cu, Zn, and Al 
Percentage Absorption after absorption in column I, 
u 
“previous to absorption 


by Cu, Zn, or Al. Ou :00295 em. | Zn ‘00262 cm. | Al 0104 cm, 


0 74 69°7 72 
98°3 70 66 68 


Radiation from Iron (thick sheet). 


II. 
t i Percentage Absorption by Fe, Cu, and Al 
Percentage Absorption after absorption in column I. 
by Fe 
previous to absorption 
by Fe, Ou, or Al. Fe ‘00313 cm, | Cu 00296 cm. | Al :0104 cm. 

| ) 
0 80°5 91:5 90 
80 79°8 91 | 895 

96 76:9 &6 . 83°5 
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traversed has almost completely absorbed the incident radia- 
tion, constitute the bulk of the transmitted radiation. In 
such a case, experiments on the transmitted beam in order 
to analyse its constituents would be misleading, the con- 
stituents not being present in the original beam. 

To eliminate the possibility of this error, we have tested 
the radiation from copper after transmission through thin 
sheets of copper by absorbing by further plates of copper. 
Thus radiation of a fresh type was not introduced. 

It was found that after absorbing 98°3 per cent, of the 
copper radiation by copper, the absorption by copper 
00296 cm. thick had dropped from 74 to 70 per cent. The 
effect was more pronounced in the case of the radiation from 
iron, the numerical data for which are given below. 

There was thus evidence of a slight heterogeneity even in 
these radiations. 


Scattered Rays.—To test if this heterogeneity could be 
accounted for by the mixture of a scattered radiation, like 
that from light atoms, with the homogeneous radiation, a 
direct comparison was made between the ionization produced 
by the secondary beams from thin sheets of copper [*00067 
em. | and paper, subject to the same primary radiation. The 
paper which was used had ten times the mass of the thin 
copper, yet the ionization produced by the secondary rays 
from the copper was 19°5 times that produced by the 
secondary rays from paper even though a greater proportion 
of the radiation from copper was absorbed by the copper 
itself than that from the paper in the paper. As sheet after 
sheet of aluminium was placed in the path of the two 
secondary beams, the copper radiation was absorbed to a 
much greater extent than the radiation from paper; thus 
34 per cent. of the radiation from paper was transmitted 
through aluminium ‘0416 cm. in thickness, while only *7 per 
cent. of the copper radiation got through. The ratio of the 
ionization due to the copper radiation to that due to the rays 
scattered from paper, after transmission through °0416 em. 
Al had dropped to *401:1. After transmission through 
0782 cm. of Al the two radiations appeared approximately 
equal in penetrating power, the last ‘26 per cent. of the 
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copper radiation being much more penetrating than the 
homogeneous radiation which had been practically all 
absorbed. When the two transmitted radiations were ap- 
proximately of the same character, the ratio of their ionizing 
effects was about ‘18:1; or from equal masses of copper 
and paper—disregarding all internal absorptions the inten- 
sities of the penetrating rays were in the ratio 1°8: 1. 


TABLE V. 
i II. III, ie 
Ratio of ionizations 
Thickness of Al Percentage Percentage due to 

in path of of Cu radiation | of Paper radiation | Secondary beams 
Secondary beams. absorbed. absorbed, from equal masses 
of Cu and Paper. 

0 0 0 195°5 :1 

*0208 94°5 51°8 rps Ee A! 

0416 99°3 66 4:01:1 

*0574 99°6 71 1:94:1 

0782 99°74 78 L-88e 1 

“0990 99°8 83 Lao 5 


Allowing for the small extra absorption of the penetrating 
portion of the copper radiation in the copper plate itself 
above that of the corresponding rays in the paper—quantities 
which were determined by separate experiments—the radia 
tion from copper must have contained approximately twice 
as much of the penetrating radiation as the radiation from 
paper. 

By using a thicker copper plate as radiator the intensity 
of secondary radiation was increased, but the correction for 
absorption in the metal itself was also increased so that the 
result could not be regarded as more accurate, this correction 
not being obtainable with great accuracy. The conclusion 
was however practically identical with the above. We thus 
see that mixed with the homogeneous radiation from copper 
is a more penetrating radiation. The most penetrating 
portion of this is about twice as intense as the corresponding 
radiation from substances of the H-S group. 
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The radiations from other elements of the Cr-Zn group 
have not been examined so minutely as that from copper, 
but it has been seen that these also contain a small quantity 
of a more penetrating radiation which is probably scattered 
radiation. This more penetrating radiation was more evident 
in the radiation from thick iron, probably because the homo- 
geneous iron radiation being very absorbable emerges from 
a thinner surface layer, while a scattered radiation emerges 
from greater depths than in the metals of higher atomic 
weight owing to the greater transparency of iron than sub- 
stances of higher atomic weight. Consequently the scattered 
rays—if we may assume them to be such—are in reality 
from a much greater mass of iron than the homogeneous 
rays, and produce more than their appropriate portion of 
the total ionization. 

It may be objected that in this case the radiation was 
transmitted through a second substance Al, and may have 
contained a considerable quantity of secondary raciation 
from Al of a kind not existent in the original radiation from 
copper. The production of a secondary radiation more pene- 
trating than the primary producing it is, however, contrary 
to all experience. 

Energy.—The ionization produced by the secondary rays 
from one of the elements of this group has been shown to be 
enormous in comparison with that produced by the secondary 
scattered rays from an equal mass of an element of low 
atomic weight. From a sheet of copper ‘00067 cm. thick, 
absorbing 14 per cent. of the primary radiation, the secondary 
radiation produced an ionization in the detecting electro- 
scope 200 times as great as that from an equal mass of 
paper. Correcting for absorption of primary and secondary 
rays, the ratio of ionization produced by the rays from equal 
masses of copper and paper was approximately 300:1. This 
is considerably greater than would have been found if all 
the radiation absorbed had been simply scattered as an 
untransformed radiation. This, however, by no means gives 
us a measure of the energy of the secondary rays, for these are 
of much more absorbable type than the primary. The per- 
centage absorption by a thin sheet of aluminium is about 
five times as great for these secondary rays as for the primary. 
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If we assumed the same ratio for the ionizations produced 
in air by the two radiations if of equal intensity, we should 
be led to conclude that the energy of this homogeneous 
radiation is about 45 times that of the scattered radiation 
from an equal mass of paper, and about } the total energy 
absorbed in the copper *. 

Though it is impossible by such experiments to determine 
the energy with accuracy, we may safely conclude that the 
energy of the homogeneous radiation is many times greater 
than the energy of secondary radiation scattered from an 
equal mass of one of the light elements. 

Comparisons of the ionizations produced by the rays from 
other elements of this group have been made. They are all 
of the same order of magnitude. 

Distribution —It has been shown by one of us that the 
secondary radiation from thick copper, when this is subject 
to a primary beam of ordinary penetrating power, is approxi- 
mately equally intense in a direction almost opposite to that 
of propagation of the primary and in a direction at right 
angles. As probably 98 per cent. of the ionization produced 
by the secondary radiation from thick copper is due to the 
homogeneous rays, this may be said to be the result for the 
homogeneous rays alone. 

From thick iron, however, the radiation varied in intensity 
by an amount represented by the ratio 1:1: 1 in these two 
directions. But as we have shown, the heterogeneity of 
the radiation from thick sheets of iron is more marked, and 
this can be accounted for by the fact that from iron the 
homogeneous rays are very easily absorbed, consequently 
scattered rays emerge from a much thicker layer and appear 
in more than their normal proportion. The ratio 11:1 
verifies this by showing the presence of a radiation which is 
controlled by the electric field in the primary pulses. 

The result is of the order of magnitude that would be 
given by a mixture of scattered rays of about the same 


* The homogeneous radiation has been assumed to be distributed 
uniformly in all directions and the scattered radiation to be proportional 
to sin? #, where 6 is the angle between the direction of radiation con- 
sidered and that of acceleration of the radiating electron, 
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intensity as found in the radiation from copper with the 
characteristic radiation uniformly distributed. 

Polarization Eaperiments—Though very careful experi- 
ments have been made with iron, copper, and zine as 
secondary radiators placed in a partially polarized primary 
beam of Réntgen radiation, the secondary rays from these 
have not been found to give evidence of any polarity. Thus 
the intensity of secondary radiation in a given direction is 
independent of the position of the plane of polarization of 
the primary beam producing the radiation ; in other words, 
the intensity of secondary radiation from members of this 
group is independent of the direction of electric force in the 
primary radiation. Again, this result may be taken as 
applicable to the homogeneous rays, as these constitute the 
bulk of the radiation from these metals. 

Efficiency of Primary Rays as Secondary Ray Producers.— 
Although in addition to the relatively small amount of 
scattered radiation, rays of only one penetrating power were 
emitted by an elementary substance upon which a hetero- 
geneous primary beam fell, it was still possible that only one 
constituent (rays of one penetrating power) in each hetero- 
geneous primary beam was producing this radiation. It 
was therefore important to determine to what extent each 
constituent of the primary beam was effective in producing 
these secondary rays. 

To do this, a portion of the primary beam direct from the 
X-ray tube was sent through one electroscope while another 
portion was incident on a secondary radiator, some of the 
rays from which passed through a second electroscope. The 
method was then simply to place absorbing plates in the 
primary beam before falling on the radiator, and to observe 
the extent by which the primary and the secondary radiations 
were reduced. It is obvious that the more penetrating con- 
stituents of the primary beam penetrate to greater depths 
than the absorbable constituents, and so are really trans- 
mitted through a greater mass than these. Hence, if two 
homogeneous constituents of primary radiation in passing 
through equal masses of radiating substance were equally 
efficient as secondary-ray producers, the radiation emitted 
by a thick plate would be produced principally by the more 
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penetrating constituents; consequently an absorbing plate 
placed in the position indicated, would, by cutting off the 
more easily absorbed constituents, produce less diminution 
of the ionization in electroscope E, than of that in H,. It 
was therefore necessary to use as the radiator a sheet of 
metal which would absorb very little of the primary radia- 
tion, so that even the deepest layers would transmit different 
constituents in proportions approximately the same as those 
transmitted through the first surface-layer. 

It was found that a sheet of Cu :00067 em. in thickness 
when placed in the primary beam produced an absorption of 
only 14°5 per cent., as measured by the ionization produced 
in an electroscope. This was considered sufficiently thin for 
use asaradiator. The deflexions of the electroscopes were 
first observed when no absorbing plate was used. Aluminium 


TasiE VI. 


Radiation from Copper (thin sheet absorbing 14°5 per cent. 
of primary rays.) 


I, IL. III. ly. Ve 
Absorption Percentage 
Thickness | of Primary diminution of| Ratio of 
of Al by Cu et Beton Secondary | Ionizations 


yoann in”. | after passing (2esore4 by All sn oelumn I. |and Primary 
centimetres. | through Al absorbing | electroscopes 
in column I. Primary. (relative), 


in column I. 
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plates of thickness shown in column I of Table VI. were 
placed in the primary beam, and the deflexions of the primary 
and secondary electroscopes were diminished by the amount 
given in columns III and IV. 

In fig. 2 the ionization produced by the primary beam in 
air is indicated by abscissee and that produced by the corre- 
sponding secondary beam from a thin sheet of copper as 
ordinates, when different portions of the primary beam have 
been absorbed. : 


Fig. 2. 
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As the secondary beam is practically homogeneous we have 
exhibited the relation between the ionization produced by a 
primary beam in the air, and its power of producing secondary 
rays in copper. We are thus led to the conclusion that the 
intensity of this homogeneous secondary radiation set up in 
a thin sheet of copper is proportional to the number of ions 
the primary beam would produce in a thin layer of air, 
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Thus if two beams of Rontgen rays, which in passing through 
a thin film of air would produce equal ionizations in that 
air, be sent through a thin sheet of copper, the intensity of 
secondary radiation produced on that sheet by one beam will 
equal that produced by the other, even though one is three 
or four times as penetrating to copper as the other one. As 
for such ranges of penetrating power as are possessed by the 
constituents of such a primary beam, the relative ionizations 
produced» by those constituents in different substances are 
usually fairly constant, it is highly probable that the intensity 
of the homogeneous rays from copper is through wide ranges 
of penetrating power of the primary proportional to the ioni- 
zation which takes place in the copper, znd is independent of 
the character of the primary producing it. 

It does not necessarily follow from this that the process of 
ionization produces the radiation, but it seems to indicate 
that the energy of the homogeneous secondary radiation 
is, for such ranges in penetrating power, proportional to 
the energy of the primary beam spent in the process of 
ionization. 

When the primary radiation was transmitted through 
copper or iron before falling on the copper radiator, the 
ratio of intensity of secondary radiation to ionization pro- 
duced by the primary beam dropped slightly, showing that 
the radiation transmitted through these substances was less 
efficient as a secondary-ray producer in comparison with its 
power of producing ionization in air. This may have been 
due to the fact that. in transmission through these plates, a 
gradually increasing quantity of secondary radiation from 
the plates was superposed on the primary. This being in 
one case of the same penetrating power as the secondary 
emitted by the radiator, and in the other more easily absorbed 
than it, would not afterwards produce secondary rays in the 
copper (see later). When the radiation was absorbed by 
zine, the ratio remained fairly constant. This result would, 
on the corresponding theory, be due to the fact that the 
radiation from zine is slightly more penetrating than that 
from copper, consequently the zinc radiation acquired in the 
primary beam would be capable of stimulating a feeble 
secondary in copper. (See Table VII. p. 356.) 
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TasLE VII. 


Radiation from Copper (thin sheet absorbing 
145 per cent. of primary rays). 


if II. III. IV. 
Percentage 
Thickness of | Percentage of | diminution of Ratio of 
plate in Primary Secondary by | Jonizations in 
Primary absorbed by Zn} Znin column 1 | Secondary and 
beam. in column 1. absorbing Primary 
Primary. electrogeopes. 
Zn ‘00131 em. 59-4 59:6 ‘99 
00262_,, 7175 776 99 
00393 ,, 848 84:8 1:00 
00524 ,, 89°1 90:1 “91 
00786 _,, 93°5 93°6 98 
‘01179 ,, 97-2 96°3 1:32 
Ou -00067 cm. 43°5 45:1 ‘97 
00134 _,, 63:0 66°5 95 
00296 ,, | 82 84:8 “84 
00592 _,, 90 91:6 “84 
OLLGE 97 98 | 66 
Fe ‘00315 em. 172 80°8 | 84 
‘00630 ,, 89:0 91-4 ‘78 
00945 _,, 93:0 95 Gia 


Whatever may be the true explanation, these results show 
that the proportionality exhibited after absorption by alumi- 
nium is not general even when copper is the radiating 
substance. This result may be contrasted with the corre- 
sponding phenomena exhibited by the homogeneous radiation 
from silver. In these experiments the homogeneous rays 
disappeared when the primary beam was made more absorbable 
and more efficient as an ionizer of air. The difference is 
almost certainly due to the fact that in the latter case the 
primary radiation passes from one more penetrating to one 
more easily absorbed than the secondary radiation charac- 
teristic of the element exposed to the primary rays. It seems 
highly probable therefore, that with sufficiently absorbable 
primary rays no such relation as that shown by fig. 2 would 
be obtained, but that the secondary would disappear while 
the primary still produced considerable ionization in air. 
Tt will be interesting to learn if a primary which ceases to 
stimulate the homogeneous radiation ceases also to produce 
ionization in the radiating substance. We, of course, know 
that elements of the H-S group are ionized, but do not 
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emit a homogeneous radiation which can be detected. This 
appears to indicate no necessary connexion between ionization 
and radiation, but is not conclusive for various reasons. 

Special Penetrating Power.—In studying the absorption of 
these homogeneous radiations by a number of elements, it 
was found that the relation between the absorption by a 
given substance of the various homogeneous radiations from 
elementary substances and the atomic weight of those 
radiating substances was similar for all absorbing substances, 
except in the case of the radiating and absorbing elements 
being identical or possessing neighbouring atomic weights. 
Hach substance appeared to be especially transparent to its 
own radiation, and to a less extent to that from elements of 
neighbouring atomic weight. 

The transparency of various elements to an ordinary 
heterogeneous beam of X-rays has been investigated by 
Benoist, who studied the phosphorescence produced by the 
beam after passing through absorbing substances. He com- 
pared the transparencies by finding the mass of a prism of 
absorbing substance of definite cross-section, which when 
placed in the path of the beam absorbed it by a definite 
amount. The relation between the transparency so defined 
and measured, and the atomic weight of the absorbing sub- 
stance was shown by a curve similar to that for paper given 
in fig. 3 (p. 358). It shows a rapid decline of transparency, 
with increase in atomic weight for low atomic weights, the 
rapidity of the fall of transparency diminishing with an 
increase of atomic weight. In the case of very soft rays 
this decline becomes a slight incline. 

By using thin plates of absorbing elements and testing by 
the ionization method the percentage diminution of intensity 
of the secondary beams by transmission through these plates, 
it was easy to calculate the thickness and hence the mass 
per unit cross-section necessary to absorb a given proportion 
—in this case 75 per cent. Some of these results we have 
given in a previous paper (/)*. They show that in place of 
the usual relation between transparency and atomic weight 
there is a strongly marked deviation in each case in the 


* In the paper referred to the numbers given in Table II. represent 
mass in grammes, not thickness in centimetres as stated. 
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neighbourhood of the atomic weight of the radiator, the rays 
from an element being especially penetrating to that element 
and to a less extent to elements of neighbouring atomic weight. 

That this special penetrating power is not due to the con- 
stituent easily absorbed by the radiating substance having 
been sifted out before emergence through the surface layer 


Fig. 3. 
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might be inferred from the fact of its homogeneous character, 
unless of all the constituents in the radiation as emitted from 
the atom itself this was the only one transmitted through 
even fairly thin layers of the substance. But we find other 
secondary rays transmitted with almost the same facility. 
We may conclude, therefore, that it is not merely from the 
surface of relatively thick sheets that the radiation emerges 
in a homogeneous state, but that it is so emitted by the 
atoms themselves. The special power of penetration is thus 
a specific property of the secondary rays and does not gigs 
to be due to previous selective absorption. 


HOMOGENEOUS SECONDARY RONTGEN RADIATIONS. 359 


Tertiary Rays.—Some of the most interesting phenomena 
in connexion with these homogeneous rays were those shown 
by experiments made in order to investigate the special 
penetrating power of these rays. 

When the characteristic homogeneous radiation from iron 
was passed through a thin sheet of copper—a substance 
whose characteristic radiation is of more penetrating type— 
it was partially absorbed, and the transmitted radiation 
appeared unchanged in character. 

When, however, the radiation from copper was passed 
through iron there was superposed on the copper radiation a 
considerable quantity of iron radiation; when the thickness 
of the absorbing plate of iron was sufficient to produce almost 
complete absorption, the bulk of the transmitted radiation 
was iron radiation. 

Similar experiments were made on copper and zinc. The 
radiation from the former, which is more absorbable than 
that from the latter, when passed through zine was trans- 
mitted without admixture of other radiations, but when the 
radiation from zine was transmitted through copper it became 
more like the copper radiation. The effect was not so well 
marked as in the case of the transmission of copper radiation 
through iron. 

Thus a characteristic homogeneous radiation was emitted 
by a metal when the primary beam to which the metal was 
exposed was of more penetrating type than the characteristic 
radiation. When the primary was of a more absorbable type, 
this characteristic secondary radiation was not emitted *. 


Ag-I Grovp. 

When subject to primary beams of moderate penetrating 
power such as those used in these experiments, the elements 
of atomic weights from that of silver to that of iodine are 
exceedingly susceptible to small changes in the penetrating 
power of that primary radiation, both as regards the character 
and the intensity of the secondary rays that they emit. This 
is indeed the most remarkable feature of this group of 
elements. 

Silver and tin are the only elements of this group which 
have been examined in any detail, but they appear from 

* Details of these experiments will be given later, 
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superficial observation to be typical of the whole group. 
In previous papers it has been shown that the radiation from 
these two when subject to a primary beam of only moderate 
penetrating power, is not a scattered radiation like that which 
proceeds from elements of the H-S group, for it differs 
much more in penetrating power from the primary producing 
it than the radiation from the elements of that group, though 
not so much as the radiation from Cr, Fe, Cu, &. The 
radiation does not exhibit the polarity of a primary beam 
where such exists, and it is not distributed in the manner of 
the radiation from substances of low atomic weight, the in- 
tensity in a direction almost opposite to that of primary 
propagation being approximately equal to that in a direction 
at right angles. It was not possible, however, to perform 
this experiment with anything like the degree of accuracy 
with which it was done in the case of the radiation from Fe, 
Cu, &c., because the ionization produced by the secondary 
beams from Ag and Sn was much less intense. 

Secondary Scattered Rays.—Experiments with the softest 
rays procurable from an X-ray tube of ordinary type, how- 
ever, considerably simplified the secondary radiation, for it 
was found that the secondary rays from silver then differed 
very little in penetrating power from the soft primary. 
When the intensity of secondary radiation set up by a 
powerfully polarized primary was examined in the two 
principal directions at right angles, it was found that it 
varied by approximately the same amount as that from 
elements of the H-S group, thus exhibiting the same per- 
fection of scattering. When tin was examined in the same 
way, the variation in intensity was found to be about half 
that exhibited by the rays from paper and from silver. Thus 
by using a very soft primary radiation, an almost purely 
scattered secondary radiation was emitted by silver, and a 
radiation consisting of a large proportion of scattered rays 
was emitted from Sn. 

To compare the intensity of this scattered radiation from 
silver with that from elements in the H-S group, the 
ionization produced by the secondary radiation from a thin 
sheet of silver ‘00064 cm. thick was compared with that 
produced by the radiation from paper. The masses of silver 
and paper emitting the secondary rays were *2695 gr. and 
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2:72 gr. respectively. The relative ionizations produced by 
the secondary rays from these were 148 and 280. From 
other experiments on the absorption of the primary beam by 
sheets of silver and paper of different thicknesses, it was 
estimated that about 60 per cent. of the silver radiation and 
75 per cent. of the paper radiation was transmitted through 
the surface layer. The intensities of radiation from these 
masses were, therefore, in the ratio 87: 56 approximately. 
From equal masses this was 37 : 5:6, or 6°5 : 1 approximately. 

As the primary radiation incident on silver became more 
penetrating, the ionization produced by the secondary rays 
increased enormously, the variation of intensity in the two 
principal directions at right angles to that of propagation of 
the primary rays gradually decreased from its original 
amount—about 14 per cent.—until it was inappreciable, 
though with the same primary the variation in the intensity 
of radiation from carbon had only dropped to about 6°5 per 
cent. The evidence of polarity of the primary given by the 
secondary rays from silver thus disappeared, while that given 
by the rays from carbon simply decreased from 14 per cent. 
to 65 per cent. It should, however, be noticed that the 
ionizing effect of the secondary rays from silver increased 
considerably, and when the evidence of polarity disappeared 
the total secondary ionization had increased about tenfold, 
so that such an effect would have been produced by the 
superposition of the homogeneous radiation, like that emitted 
by Cu, Fe, Zn, &c.; for such a radiation gives no evidence 
of polarity in a primary beam, being uniformly distributed 
around that beam *. 


* An early experiment by one of us on the radiation from tin (e) 
indicated that the scattered radiation was not emitted in even the 
intensity that could be given by an element of the H-S group. The 
experiment was performed by comparing a very penetrating portion of 
the radiation from tin with that from-paper. There are possibilities 
which make such an experiment inconclusive, and we feel that it requires 
verification. If the numerical-yalues for the polarization given in 
Table VIII. (p. 362) could be taken as strictly accurate throughout, we 
should be led to conclude that the evidence of polarity disappeared more 
rapidly than could be accounted for by mere superposition of the homo- 
geneous radiation, but the measurements in the final stages were too un- 
certain for such a conclusion to be based on them. We have, therefore, 
no conclusive evidence of a disappearance of the scattered radiation. 
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The evidence of polarity of the primary given by the 
radiation from tin disappears for even softer primary rays 
than in the case of silver. This must be connected with the 
fact that the characteristic homogeneous radiation from tin 
is less penetrating than that from silver, and is set up by a 
less penetrating primary radiation. It thus appears earlier 
in the process of hardening the primary and swamps the 
effect of the scattered radiation sooner. 


Taste VILL. 


ils Il. TIL. 
Percentage Variation of 
| Ratio of Ionizations in intensity of Secondary 
| Absorption Secondary and Primary radiation exhibiting polarity 
of Primary electroscopes. of Primary beam. 
by ‘01 Al. 
CO radiator. | Ag radiator.| O radiator. | Ag radiator. 
35°5 303 ‘180 14 11-5 
382°6 340 "309 10 95 4°45, 
32°3 318 305 129 6°2 
82:0 “315 “369 12:9 45 
30 |) 51840 5 1]. -88L 9-9 28 
29-4 853 ‘844 96 2-45 
286 | 364 112 915 9 
28:9 | 380 1:35 75 “75 
27°3 “405 1:62 7 “45 
25 6 “425 1:82 65 0 


Homogeneous Rays.—An analysis of the radiation from 
silver similar to that made of the radiation from elements of 
the Cr—Zn group shows that when the primary radiation is 
moderately penetrating, such a homogeneous secondary radia- 
tion constitutes the bulk of the rays emitted. Absorption 
by thin sheets of aluminium showed slight heterogeneity at 
first, such as would be evident if the scattered radiation were 
superposed on the more penetrating homogeneous radiation. 
After the absorption of this more easily absorbed scattered 
radiation the remainder appeared perfectly homogeneous. 

The contrast between the constitution of the copper and 
silver radiations is shown by the curves given in fig. 1 (p. 345). 
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In the copper radiation the homogeneous rays are more easily 
absorbed than the scattered rays, so’ the curve is initially 
horizontal and finally slopes downwards. In the silver 
radiation the scattered rays are on the average more easily 
absorbed than the homogeneous rays, consequently the curve 
dips initially and finally becomes horizontal. The absorp- 
tions at successive states are shown in the following tables. 
With these results may also be contrasted those obtained for 
the scattered radiation from paper. 


TaBLE 1X.—Radiation from Silver (thick). 


. | Percentage diminution | Percentage diminution 
| Thickness of Al placed | of Ionization produced by| of Ionization by Second- 
in Secondary beam Secondary rays by trans-| ary rays due to absorp- 
from Ag. mission through Al in | tion by further sheet of 
column I, Al (0208 em.). 
0 0) | 15°9 
‘0104 em 9-2 14:8 
0208 ,, 16 138 
OB74. ,, 37-7 | 131 
i BY. hea 58 135 
SLO” es: . 72 14 
203!) | 5, 82:5 13°6 
Bo eats, 92 13°8 
"B26; 4, 97 14:2 
0 0 16 


Taste X.—Radiation from Paper. 


Percentage diminution | Percentage diminution | 
Thickness of Al placed | of Ionization produced by) of Ionization by Second- 
in Secondary beam | Secondary rays by trans-| ary rays due to absorp- 
from Paper. mission through Al in | tion by further sheet of 
column 1, Al (0208 em.), 
0 } 0 28°1 
0104 cm 18°7 20°9 
0208 ,, 28 17-4 
0574 ,, 47-5 10-9 
‘IBO y 7 58 
584, 88 2-5 
0 0 27-4 
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W-Bi Grovp. 

The radiations from the elements with atomic weights from 
that of tungsten to that of bismuth have not been examined 
minutely. They, however, appear to be very similar to the 
rays from Cu, Zn, &e. The ionization produced by these 
rays is of the order of magnitude of that produced by the 
rays from elements of the Cr-Zn group; but there appears 
slightly more variation in the character due to changes in 
the primary rays. 

Though accurate observations have not been made, it appears 
probable that the radiation is a mixture of the scattered with 
the homogeneous rays, the proportional effect of the scattered 
being greater than in the radiation from Cu, Zn, &e. 


Conclusions. 


Secondary Réntgen rays of two distinct types are emitted 
by substances subject to a beam of X-rays. One, a scattered 
radiation produced by the motion of electrons controlled by 
the electric force in the primary Réntgen pulses, has been 
dealt with in previous papers by one of us, and has been 
further discussed in this paper with the H-S group of 
elements. The other, a homogeneous radiation characteristic 
of the element emitting it, and produced by the motion of 
electrons uncontrolled by the electric force in the primary 
pulses, has been but briefly mentioned. 

All the phenomena of secondary X-rays so far observed by 
us may be explained by means of these two. 

The experimental results of these investigations, both on 
the scattered radiation and the homogeneous radiation, are 
summarized below. In order to make the summary more 
complete, we have introduced several results which have 
been previously published.. The references for these 
are given. 


Experimental Results —Scattered X-rays—those produced 
by the motion of electrons controlled by the primary pulses— 
constitute the bulk of the secondary radiation from elements 
of the H-S group when these are subject to a primary beam 
of low to moderate penetrating power. 

Scattered X-rays are also emitted by many elements of 
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higher atomic weight—probably by all—when subject to 
such a primary beam ; but unless the primary is very soft 
they are accompanied by homogeneous secondary X-rays 
(characteristic of the radiating element) which produce 
much greater ionizations. 

The law of intensity of these scattered rays which holds 
for elements of the H-S group—that the intensity of radiation 
from an atom is proportional to its atomic weight—cannot 
be extended to include the elements of higher atomic weight. 
From some elements at least the intensity is greater than 
would be given by this law. 

The scattered radiation from some elements whose charac- 
teristic homogeneous radiation is of comparatively penetrating 
type has been obtained free from admixture with this 
homogeneous radiation by the use of a primary beam 
consisting of less penetrating rays than the characteristic 
secondary. 

Those scattered radiations not thus isolated have been 
accompanied by a homogeneous radiation more easily absorbed 
than the primary radiation producing them. 

We have obtained no conclusive evidence that the relative 
intensity of secondary scattered and primary radiations 
changes with the penetrating power of the primary rays. 


All elements of atomic weight greater than that of sulphur 
which have been examined emit a homogeneous secondary 
radiation when subject to a primary beam of X-rays of 
ordinary penetrating power. Or, Fe, Co, Ni, Cu, Zn, Ag, 
have been examined. All other elements whose secondary 
radiations have been examined less minutely appear similar 
in this respect. 

The penetrating power of this radiation from each element 
examined has been found independent of the intensity or the 
penetrating power of the primary radiation producing it; it 
is characteristic of the element emitting it. 

The penetrating power of this radiation is a periodic 
function of the atomic weight of the radiating element (e). 

The ionizing power of this radiation and almost certainly 
its energy is usually very much greater than that of the 
scattered radiation. 
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The homogeneous radiation has invariably been found more 
easily absorbed than the primary radiation producing it. 

In all cases, when a primary was used which was softer 
than the characteristic homogeneous radiation, this radiation 
was not emitted. Also there is reason (from the curve con- 
necting absorbability of a secondary radiation and the atomic 
weight of a radiator) for believing that those elements H-S 
which do not under ordinary circumstances emit such 
radiation, possess a characteristic radiation which is more 
penetrating than any primary beam used. 

The intensity of this homogeneous radiation from copper 
is for a considerable range in the penetrating power of the 
primary merely proportional to the ionization produced by 
that primary in a thin film of air and is otherwise independent 
of the penetrating power of the primary. This is not 
general, as in many cases—probably all—the homogeneous 
radiation disappears when the primary radiation becomes 
more absorbable. 

The intensity of the homogeneous rays in a given direction 
does not depend appreciably on the position of the plane of 
polarization of primary beam producing them. 

The intensity of this radiation in a direction approximately 
opposite to that of propagation of the primary beam producing 
it, is within the small errors of experiment equal to that in a 
direction at right angles (q). 

This radiation is specially penetrating to the element which 

-emits it and to a less extent to elements of neighbouring 
atomic weight (/). 

The fraction of the homogeneous rays from one element— 
copper—scattered by air, is the same as that for X-rays 
proceeding direct from an X-ray tube (within experimental 
errors) (6). 

The absorbability of the secondary rays from copper which 
are scattered by air—tertiary rays—is the same as that for 
the direct secondary (d). 

Theory. 

The theory of the scattered X-rays has been dealt with in 
various papers, and the experimental evidence in support of 
that theory—briefly referred to in this paper—is so over- 
whelming that it need not be further discussed here. 
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It is important, however, to consider the evidence we have 
regarding the nature and origin of the homogeneous rays, 
which are characteristic of the elements emitting them. 

The fact that the homogeneous secondary rays from copper 
are scattered by air in approximately the same proportion as 
the primary rays proceeding direct from an X-ray tube, and 
that the absorbability of these scattered rays is the same as 
that of the direct secondary rays, is strong evidence that they 
are of the nature of X-rays, for neither the observed intensity, 
nor the scattering without degradation, would have been ex- 
pected on any corpuscular theory, whereas they are in perfect 
harmony with the ether pulse theory. 

The relation between the absorption of a mixture of the 
homogeneous rays from a number of elements by various 
elements and the atomic weight of those absorbing elements 
is also very different from that found for any material 
radiation, while it is very similar to that obtained by experi- 
ments on a beam of Réntgen rays *. 

The specialpowers of penetrating certain substances are 
such as have not been observed and are difficult to conceive. 
of on any corpuscular theory. 

Neither electrostatic nor magnetic deflexion of these rays 
has been observed. 

Finally, the fact that the homogeneous rays are invariably 
produced by primary rays of more penetrating type, yet not 
necessarily more than just on the more penetrating side, 
appears some of the strongest evidence in favour of similarity 
in type between the primary and secondary rays. If the 
natures were different, the penetrating powers would represent. 
totally different physical facts, and such connexion between 
them would be inconceivable. We can only conclude from 
consideration of this evidence that the nature of the homo- 
geneous rays is similar to that of the primary X-rays. 


As the homogeneous rays are of the nature of Roéntgen 
rays, we must conclude that the radiation is set up by distur- 
bance of electrons produced directly or indirectly by the 
passage of the primary pulses. That this motion of electrons 


* Details of these experiments have not been given. 
You... 22% 2E 
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is not controlled by the electric forces in the primary pulses, 
is proved by the equality of the intensities of radiation in a 
direction approximately opposite to that of primary propa- 
gation and one at right angles, by the absence of evidence 
from the secondary rays of polarization of a primary beam 
in which such polarization exists, and by the absence of 
dependence of the penetrating power of the secondary beam 
on that of the primary. 

The forces called into play which produce the accelerations 
resulting in radiation cannot then be directly due to the 
electric displacement in the primary pulses, but must be those 
called into play in the atom itself. The two possibilities that 
suggest themselves are that the radiations result from a dis- 
turbance of the atom, which quickly recovers its normal 
configuration, or that it is produced when the equilibrium of 
an atomic system is destroyed and forces of unusual magnitude 
are called into play. 

The homogeneity of the radiation and its independence of 
the primary rays suggest a regularity in the motion which is 
characteristic simply of the atom ; and although the relation 
between intensity of secondary radiation from copper. and 
ionization produced by the primary in air is striking, it does 
not follow that the radiation is due to ionization in the 
radiating substance. Indeed, this appears highly improbaole, 
for the homogeneous radiation disappears when the primary 
radiation is made “ soft” and appears in great intensity wher 
the primary is “hard.” 

If, then, the radiation were emitted simply during the 
process of ionization and were proportional to it, a soft 
primary radiation would produce little or no ionization and 
a more penetrating radiation—(that is one more penetrating 
to most substances)—would produce an ionization at least 
hundreds of times as great. Though experiments have no 
been made on the ionizations produced in these substances 
investigated, such variations in ionization are of a higher 
order of magnitude than any observed. Again, ioni- 
zation is undoubtedly produced in substances of the H-S 
group of elements when homogeneous rays are not emitted 
in appreciable intensity. We, however, do not know anything 
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of the homogeneous rays from these substances except that 
they are probably of penetrating type. 

The relation between the absorption of a primary radiation 
and the intensity of secondary radiation emitted by the 
absorbing substance, also shows that the emission of homo- 
geneous radiation necessitates a special absorption of the 
primary beam. Also, as far as we can estimate from experi- 
ments made, the energy of the homogeneous radiation is more 
than accounted for by the special absorption necessary to the 
production of that radiation. 


Fig. 4. 


35 z es 
Aromic WEIGHT Of PADIATOR 

Thus in fig. 4 we have plotted the coefficients of absorption 
of rays from Fe, Co, Ni, Cu, and Zn by Al, Zn, Ag, Sn, Pt 
In each case the radiations absorbed are not—if we generalize 
2E2 
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from results given—capable of stimulating a homogeneous 
radiatiun characteristic of the absorbing substance, because 
these are of more penetrating type. Thecurvesaresimilar, But 
when iron is used as the absorbing substance, cobalt radiation, 
which is just more penetrating, is unable to produce more than 
a feeble secondary in the iron, so the decline of the line for Fe 
is not quite so great as would have been expected, because of 
the little extra absorption necessary to set up this slight 
radiation from iron. The copper radiation, which is much 
more penetrating, is able to stimulate an intense radiation in 
iron and at the same time is enormously absorbed. This is 
exhibited by the sudden rise in the Fe curve. Beyond copper, 
the absorption appears to fall again according to the usual 
law, the absorption of the zinc radiation being a little less 
than that of the copper radiation. The stage is thus reached 
when the change in the penetrating power of the primary 
radiation produces no difference in the relative amounts of 
secondary homogeneous radiation and ionization by the 
primary beam, as shown by fig. 2 for the copper radiation. 
A study of the curves (fig. 3), exhibiting the transparency of 
various metals to homogeneous rays, shows the same thing. 
Thus, dealing with the radiation from zinc, aluminium, in 
which a Zn radiation does not stimulate, a homogeneous 
secondary radiation is fairly transparent. Iron, in which an 
intense radiation is set up —the characteristic radiation from 
iron being considerably softer than that from zinc—is very 
opaque. Copper is much more transparent, as the zinc 
radiation being only a little more penetrating, is only able to 
set up a feeble radiation ; while zinc, in which zinc radiation 
is unable to set up any further radiation, is more transparent 
still. The substances Ag, Sn, and Pt appear relatively more 
transparent to this radiation than to a more penetrating 
beam*. The zine radiation is unable to set up radiations 
in these elements, as they are of more penetrating type. 
The absorptions are, however, not sufficiently abnormal to 
speak of with certainty. The effect is more clearly shown 
by the curve obtained from the homogeneous radiation from 


silver (fig. 3). 
* Also Phil. Mag. Sept. 1907, p. 416, fig. 5. 
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These results show that a substance whose characteristic 
radiation is equally or more penetrating than the radiation 
incident upon it, does not absorb that radiation so much as 
when the incident is of more penetrating type and able to 
stimulate a secondary radiation in that substance. As the 
penetrating power of the incident radiation (as measured by 
most substances) increases, the absorption increases up to a 
certain point. A definite portion of the absorption thus 
appears to be connected with the secondary radiation, and 
may be proportional to it. But this does not conclusively 
show that ionization, or some kind of disruption in the atom 
is not the cause of the radiation, for the absorption of a 
certain amount of energy of the primary beam might be 
required to produce the instability which liberates more 
energy. 

The facts that the homogeneous rays have invariably been 
found more easily absorbed than the primary rays producing 
them, and, in the cases investigated, that the homogeneous 
rays disappear when the primary becomes more easily 
absorbed, indicate a relation between primary and secondary 
which would be difficult to explain if this radiation were 
directly due to a disruption of any kind taking place in the 
atom. It appears rather that the radiation is due to what 
may be regarded as quite a normal behaviour of an atom 
after it has been passed over by Réntgen pulses, such as a 
free vibration of electrons. 

Let us consider the passage of an electromagnetic pulse, in 
which the electric field is undirectional, over an electron 
with a free period of vibration much longer than double the 
time taken for the pulse to pass over it. (In this case the 
Réntgen pulse is thinner and more penetrating than the half- 
wave produced by the free vibration of the electron.) The 
electron receives an impulse and is left with kinotic energy 
after the pulse has passed. Consequently itis then acted upon 
by forces called into play in the atom itself. These produce 
a motion which is characteristic of the atom of which the 
electron forms a part, and this results in radiation—probably 
the homogeneous radiation discussed in this paper. 

When the thickness of the primary pulse approaches the 
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half-wave length characteristic of the vibratory motion of the 
electron in the atom, the restoring force in the atom is brought 
into play before the primary pulse has passed and the absorption 
of energy and energy of subsequent radiation are diminished. 
This explains the diminished radiation when the penetrating 
power of the primary decreases and approximates to that of the 
radiation characteristic of the radiating substance. When the 
primary pulse is thicker than the half-wave characteristic of 
the motion of the electron, the electron is displaced a short 
distance and is gradually brought back by the restoring force 
against a gradually weakening electric force in the primary 
pulse, so that when this has passed, the electron is near its 
position of equilibrium again and the motion and radiation 
produced in the other cases are now absent. It is impossible 
to give an exact solution without some knowledge of the 
distribution of electric force in the primary pulses, of the 
forces binding the disturbed electron to the rest of the atomic 
system, and of the structure of that system; but we may 
consider this to be an approximation to the behaviour of each 
electron directly concerned with the phenomena discussed. 
The number of such electrons may not exceed one in each 
atom of radiating substance. 

According to this theory, energy is taken from the primary 
beam and part, at least, appears as secondary homogeneous 
radiation, the rest being transformed into heat. 

As the energy of this radiation is quite a considerable 
fraction of the total energy absorbed, we should expect that 
the difference between absorptions of primary rays more or 
less penetrating than the radiation characteristic of the 
absorbing element would be evident from a study of the 
absorption of the various homogeneous beams. But we haye 
seen that there is a large absorption of a homogeneous 
radiation by an element which emits a much more easily 
absorbed radiation, because much of the energy is given to 
the electrons ; that for other elements which emit a radiation 
only slightly softer, the absorption is much diminished because 
only a feeble disturbance and consequent secondary radiation 
is set up in the absorber; and when the radiation charac- 
teristic of the absorbing substance is more penetrating than 
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the absorbed radiation, the absorption is small and no homo- 
geneous secondary radiation is produced. Thus what we have 
previously referred to as the special penetrating power of the 
homogeneous radiations may be explained by the small 
displacement produced in an atom by a radiation more easily 
absorbed, equally absorbed, or slightly more penetrating than 
the radiation characteristic of that atom, for reasons 
indicated. 

Though according to such a theory, if the displaced electrons 
were merely held by a body of much greater mass, we 
should expect the emission of wave-trains instead of pulses, 
yet if the atomic system consisted of a number of interacting 
electrons, the energy of vibration would be rapidly commu- 
nicated to other parts of the system and the motion of the 
displaced electron would be little more than half a complete 
vibration. The resultant radiation would in that case behave 
much as a number of isolated pulses. 

An explanation on the disruption theory would be similar 
in many respects, but the displacement of electrons would on 
such a theory be sufficient to destroy the equilibrium of the 
atomic system and produce some change in its structure. The 
evidence against this is perhaps not conclusive, but there is no 
indication from the energy of secondary X-radiation of such 
a phenomenon, and the relation between the primary and 
secondary radiations points rather to the latter being due to 
the motion of the atomic system in regaining its normal 
configuration. 

George Holt Physics Laboratory, 


University of Liverpool, 
30th May, 1908. 
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XXIV. On the Coefficient of Diffusion. By Bast W. Ciack, 
B.Sc., Lecturer in Physics at Birkbeck College*. 


[Plate XXII} 
§ 1. Introduction. 
§ 2. Theory. 
§ 3. Apparatus. 
§ 4. Method of Experiment. 
§ 5. Determination of Concentration. 
§ 6. Determination of §. 
§7. Results for KCl and KNO,. 
§ 8. Earlier Method of Experiment [Method A]. 
§ 9. Length of the Tube. 
§ 10. Conclusion. 


1. Introduction. 
Tue following paper contains an account of a series of 
experiments on the diffusion of various salts through water. 
The objects with which they were undertaken were:— 


1st. To test the practicability of a new method for the 
determination of the coefficient of diffusion; 

2nd. To find how the value of the coefficient varies with 
the concentration of the solution. 


Various methods have been employed from time to time 
to determine the value of the coefficient of diffusion. In 
some cases careful chemical analyses are necessary to obtain 
the amount of the substance diffused; in others it is the 
density of the solution which must be accurately determined 
at different points. Graham's, and kindred methods, involve 
serious disturbance of the solution in commencing an ex- 
periment, and also in withdrawing the various specimen 
layers for analysis. 

The present investigation may be called a gravitational 
method, since the amount of the substance diffused is deter- 
mined by means of the balance; but the method employed 
involves little disturbance at the commencement of an ex- 
periment, and during its progress the disturbance is quite 
negligible. Moreover, neither a series of density determi- 


* Read May 22, 1908. 
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nations nor of chemical analyses is required to obtain the 
amount of diffusion which has taken place. 

The method may be looked upon as an extension of that 
employed by Fick (Pogg. Ann. xciv. p. 59, 1855) and by 
Graham, but the method of obtaining the quantity of salt 
diffused is essentially different, as they determined this amount 
by chemical analysis. 

Again, it does not appear that Fick took any account of 
the effect of the movement of the liquid along the tube, 
mentioned in the next section, on the quantity diffused. 
Although this omission would produce less effect in his 
method than in that about to be described, it would never- 
theless cause a measurable difference in the calculated value 
of the coefficient of diffusion. 


2. Theory. 

In the diagram (fig. 1) let A represent a spherical vessel, 
to the upper side of which is fitted a vertical tube D of unit 
cross-section. 

Suppose the bulb A and the tube 
D to be initially filled with a salt 
solution of uniform density, and to 
be suspended ina vessel containing 
pure water. Further, let it be 
assumed that the upper end of Dis 
maintained in contact with pure 
water, and that the concentration 
of the salt solution at the lower 
end is also kept constant. 

Under these conditions the salt 
will commence to diffuse up the tube D, and ultimately the 
diffusion current thus commenced will be found to become 
uniform. 

Now when the steady state has been attained the quantities 
of water and of salt in tube D remain constant, and in dealing 
with variations in volume and-weight we may confine our 
attention to the bulb A. When salt leaves A the volume of 
the liquid originally in it will decrease, since in general the 
addition of salt to water increases the resultant volume. 
Hence some of the water outside A will enter the apparatus 
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on account of this decrease in volume, with the result that 
as the salt diffuses up the tube D it meets a current of liquid 
which continually passes downwards, and which is due to the 
decrease in volume mentioned. 

The weight of the suspended bulb A wili decrease on 
account of the salt which leaves it, and will increase owing 
to the water which enters, and the resultant loss in weight is 
equal to the difference between the two. 

Let d=density of solution at a point J cms. from top of 

tube D. 
v=velocity downwards at the same point. 
n=concentration in gms. per c.c. at the same point. 
¥)= velocity downwards at top of tube where /=0. 
N=concentration in gms. per c.c. at the end of tube 
where /=L. 


With the degree of accuracy obtained in the present work, 
it is found sufficiently correct to assume d=1+an where a 
is some constant. 
Since the same mass of water crosses each section of the 
tube 
v (d—n) =, 
Ane: v(1—bn)=%, whereb=1—a.. . . (i) 


Now when the steady state is reached, the weight of salt 
which flows through each cross-section of the tube per second 
is constant=c, say 


i.e. —unt+k a =c, a constant, where k=coeff. of diffusion; 
) ieee (dn 
late taal 
The solution of this equation is 
oN Vp (y%—bo)N+e_ L * 
~ %—be sa (ty be)2 108 c eae (3 


which, as (vy~dc)N is small compared with c, reduces to 


‘ b) —— a 
Seek ots Beye: )=z. . cant 


c 2c 3¢ 


As already stated, there will be a contraction in volume 
produced in the vessel A when salt leaves it, and a corre- 
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sponding movement downwards will take place in the liquid 
in the tube D. The amount of water which enters the bulb 
owing to this movement may be calculated as follows :— 


Mass of water in 1 c.c. of solution at bottom of tube D 
= density of solution at bottom minus concentration 
of solution at bottom. 


=1+aN—N, 
=1—(1—a)N, 
=1-—0N. 


Let = the ratio of the increment in volume produced to 
the increment in the mass of salt dissolved, for a solution of 
the strength employed in the bulb A; i.e. the increase in 
volume produced when 1 gram of salt is dissolved in a 
solution of the given concentration, the amount of the solution 
being so great that the addition of the salt makes no appre- 
ciable change in the concentration. The mass of water which 
enters the bulb due to a small diminution (dm) in the mass 
(m) of salt in the bulb 

=6x(1—0N)dm. 


On integrating, the mass of water which enters the bulb 
due to a given diminution 


= ("8x i boda, 
my 


Strictly both 6 and N are functions of m, but the change 
in m is so small that they may both be taken as constants ; 
thus the integral is equal to 

6 x (L—4N)(m—m). 
Now in one second (m,—m,)=c. 
Hence the mass of water entering the bulb per second 
=6xX (1—dN)e. 
Now the- decrease, i, in weight per second of the bulb 


= the weight of salt leaving per second minus the weight 
of water entering per second ; or in symbols 


i=e—cd(1—bN), 


i 
*=7—8—IN) 
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Again, the volume of water entering per second, ¢8, is equal 
to the velocity of the liquid at the bottom of the tube ; 
=: oe (from i.) 
ahd NS 2p 
oo = > (1—6N). 
Again, the third term in the bracket in equation iii. is 
found to be negligibly small; hence this equation is written 
for practical use 


% poi a 
- Ni— {Pa-sx)t {1-3(1-2N) t 


3. Apparatus. 

A and B are two hollow spherical glass bulbs respectively 
5 ems. and 9 ems. in diameter, con- Fie. 2. 
nected together as shown by two i 
parallel glass quill-tubes ¢, ¢ (fig. 2). 

On the upper side of A the bulb 
is pierced by an aperture into which 
the ditfusion-tube D is hermetically 
sealed. 

The ends of this tube were ground 
off perfectly plane and perpendicular 
to its axis, and its dimensions were, 
in most of the experiments, 4 cms. 
long, and 1:°694 sq. ems. in cross- 
section. 

The complete apparatus AB was 
filled with the solution under invyes- 
tigation, and suspended in a cylin- 
drical copper vessel C of about 7 litres 
capacity, containing distilled water, 
the temperature of which may be 
kept constant by means of a sur- 
rounding ice-jacket I, protected by 
a layer of cork-dust E, several inches 
thick. The mercury thermometer T 
had a small range on each side of 0° C. and was divided 
into hg° C. 


(iv.) 


ca 
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The Sartorius balance used was mounted upon a slate 
shelf firmly cemented into the stone wall of the laboratory. 

Two holes were sand-blasted through the base of the 
balance-case, and a light frame, ff, passed through them as 
shown, and to this was attached a fine wire w which, passing 
through a third hole, in the slate shelf, sustained the appa- 
ratus already described. The movement of the balance beam 
was limited by means of stops shown at s, so that the pcinter 
could only move over 1 scale-division, and the vertical 
movement which this permitted to the suspended system 
was only ‘12 mm., so that any disturbance which might 
arise from this small and very slow movement will be quite 
negligible. 

4, Method of Experiment. 

As the salt diffuses up the tube, the stronger solution in 
the upper larger bulb, B, sinks by gravity, by means of the 
side tubes ¢ ¢, and maintains the initial concentration of the 
solution at the lower end of the tube D; while the upper 
end is in contact with such a large volume of water that it 
may be considered to remain practically pure. The con- 
ditions studied in § 2 thus apply, and as diffusion proceeds 
the weight of the suspended system will decrease. If, then, 


Fig. 3. 


a slightly deficient weight be placed in the opposite scale- 
pan, the beam will turn until it reaches the supports. As 
time proceeds, however, the weight of the apparatus will 
ultimately become equal to that on the balance-pan, and the 
pointer will move to the zero of its scale. An automatic 
device was designed which would register the exact time at 
which this occurred. A yery fine platinum wire P (fig. 3) 
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was soldered on to the lower end of the balance-pointer, and 
when the beam is in equilibrium, P makes contact with a 
fine strip of platinum-foil F, suitably mounted opposite the 
zero of the balance-seale. A delicate phosphor-bronze strip 
Q, such as is employed for galvanometer suspensions, served 
to connect the upper end of the pointer to a battery E, which 
was connected in series with a mercury lever-switch K, and 
an electromagnetic trigger M. 

On contact being made between P and F the armature of 
the trigger is attracted, thus allowing a light wooden lath L, 
which is resting upon the trigger, to fall. This lath is 
pivoted at G, and is provided at this end with a flexible 
copper strip a, which, as the lath falls, is brought into con- 
tact with the balance-wheel of a common alarm-clock, from 
which the back has been removed, and which is suitably 
placed on the table. 

The clock is thus stopped at the exact time at which the 
pointer reached the zero of the balance-scale. 

In its fall another copper strip 6, attached to the lath, 
knocks over the mercury switch K, and thus breaks the 
electric circuit. ; 

The time recorded by the clock and the corresponding 
mass on the pan of the balance are recorded in tables, and 
from these the graphs following have been drawn. 

A slightly smaller mass is then placed on the pan, The 
lath is replaced on the trigger, the clock reset and restarted, 
and the key K switched on, and the whole process repeated. 
This method, involving the determination of the time required 
for a given decrease in weight to take place, has an advantage 
over the converse process, in that it causes far less disturbance 
in the solution, and hence it has been adopted in the present 
investigation. 

Another precaution which should be mentioned is that, the 
arrangement employed being extremely sensitive to changes 
in density, great care must be taken to prevent any but 
minute changes in temperature occurring in the solution. 

The large amount of damping introduced, and the effect of 
the surface-tension of the liquid, prevented any accurate work 
being done until the effect of a film of oil on the surface of 
the solution was tested. This greatly reduces the surface- 
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tension, and increases the accuracy of weighing to a re- 
markable extent. Of a large number of oils tested, Fleuss 
pump-oil was found to be superior to any of the others, in 
that it always remained quite fluid. 

As showing the effect of this oil-film a few figures might 
be quoted. 

The apparatus was filled with water and suspended in water 
at a constant temperature. If set in oscillation, in no case 
would the balance-beam make more than two swings, and 
the resting place varied in different attempts between 10 
and 15 on the scale for the same mass in the pan. Two 
drops of Fleuss pump-oil allowed to fall on the liquid near 
the suspending wire made a remarkable difference. Five 
turning-points could now be easily obtained, and assuming 
the ratio between any two consecutive deflexions to be con- 
stant, great consistency was found between the calculated 
positions of the resting place of the balance. For example, 


Turning Points. Resting Points. 
20°8 3-9 10°0 
14:4 7-8 10°2 
11:5 10°1 
areas > = 10:2 
Lor 10°3 
138 5! 10-0 
11:0 


Now in the diffusion experiments the beam does not oscil- 
late, but slowly takes up its new position. The consistency 
obtained under these static conditions was tested, and the 
following is a sample of the figures obtained :— 


‘Mase on pan in gms Se 37105 sro | 37103 08 | 

Resting Point observed .... 102 119 135 10-0 
Repeated. | 

Resting Point observed ~ 100 120 13-9 102 | 

| ‘. | 


Moreover, it was found that the position of the pointer 
remained constant to within 1 scale-division for a week, the 
temperature being meanwhile kept at 0° ©. by the surrounding 
ice-jacket. 
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The sensitiveness of the balance under the actual conditions 
holding in a diffusion experiment was found from a large 
number of readings to be *00052 gm. per scale-division, 7. e. 
a movement of 1 scale-division in the resting point was pro- 


duced by 00052 gm. 


5. Determination of the Concentration. 


Sodium chloride and potassium chloride prepared by 
Kahlbaum, of Berlin, were the first salts experimented upon. 
Solutions were prepared of approximately 0°2 gm., 0-1 gm., 
and 0:05 gm. of salt per c.c. of the solution, and in each case: 
a check experiment was carried out to ensure experimental 
consistency. The concentration of these solutions was deter- 
mined in most cases by three different methods: (1) From 
the density, making use of the results given in the Physikalisch- 
Chemische Tabellen, published by Landolt and Bornstein ; 
(2) Precipitation by AgNO; ; (3) Evaporation to dryness 
in a platinum crucible. 

The results obtained by all three methods usually agreed 
to within less than 1 per cent., as the following figures will 
show :— 


Values of N in gms. of KCl per e.c. of Solution at 0° C. 


| | 


Solution ...... ee ge ee, ee 6. 7. 
ee | SS 
By Density ......... 1990 -1009 1004 | -05122 | 05147 | -05106 
By Precipitation ...-1989 |... | 1004 | “05128 | 05106 | -05092 


By Evaporation .,.|‘1988 1008 | °1004 , ‘05100 | 05097 | 05113 


Mean sesseens 1989 | -1008 | -1004 | -05117 | ‘05117 | -05104 


| 


The densities were obtained in the first place at the tem- 
perature of the laboratory; but the concentrations have been 
calculated at 0° ©., the temperature of the experiments, by 
means of a determination of the absolute coefficient of expan- 
sion of the several solutions over this range of temperature, 
using for this purpose apparatus identical in principle with 
that employed by Dulong and Petit for a similar purpose. 
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6. Determination of 6. 

It has been long known that when salts enter into solution, 
a change usually takes place in the volume occupied by the 
solvent. 

F. Kohlrausch and Hallwachs (Wied. Anz. liii. 1894, p. 1) 
and Thomsen have studied these phenomena and haveestimated 
the change in volume produced in several cases by the deter- 
mination of the density of the solution formed, when a known 
mass of salt is dissolved in a known mass of water. W. F. 
Magie (Phys. Rev. xviii. 1904, pp. 449-452) and Macgregor 
have endeavoured to express in a formula the results obtained 
by previous experimenters. 

We have seen that in the present investigation the phe- 
nomena referred to play an important part, and have deduced 
an expression for k involving the knowledge of the change 
in volume which accompanies a slight change in concentration. 

Now 6 is not a constant, but varies with the strength of 
the solution, and according to Magie depends on the relation- 
ship existing between the volumes occupied by the dissociated 
and the non-dissociated molecules of salt. 

Its value can be easily deduced from the published tables 
giving the density of salt solutions of known concentration. 


7. Results for KC] and KNO3. 

The accompanying graphs (Pl. XXIII.), which are num- 
bered in accordance with the order of the experiments, show 
some of the curves obtained by plotting the weight of the 
suspended apparatus against the time as abscisse. 

The curves suggest that the method is at any rate capable 
of giving fairly consistent results, and they indicate a dimi- 
nution in the coefficient of diffusion with a decrease in the 
concentration in the cases of both NaCl and KCl, a result 
which has been found by several other observers. 

The actual figures obtained in this work are omitted for 
the reason mentioned below. 

Before proceeding further, it was decided to test whether 
the outer vessel containing the salt solution was large enough. 
As the salt diffuses up the tube D the water outside becomes 
slightly denser, but the change in concentration is so small 
that it does not appreciably affect the quantity of salt diffused 
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up the tube; but the suspended apparatus has such a large 
volume, that a very slight variation in the density of the 
water outside has a considerable effect on the hydrostatic 
force upwards. When the earlier experiments were per- 
formed, the importance of this action was not fully 
appreciated. 

It is impossible to calculate the change in the buoyancy 
of the water, but there is no doubt that the heavier liquid 
will tend to sink to the bottom, and that then diffusion will 
tend to make the density uniform. Any variation in the 
density of the liquid below the suspended apparatus will 
produce no effect on its weight, and so it is an advantage to 
have as deep a vessel as possible; to have the suspended 
apparatus as high as possible in the water; and to have the 
volume of the water as great as possible. 

Experiments similar to the preceding were carried out 
with a deeper vessel, C C, shown in fig. 2, having also a volume 
about twice that of the original one, and they proved that 
the first vessel was undoubtedly too small. For this reason 
a number of results obtained with the earlier vessel must be 
disearded. The results given below have all been obtained 
with the larger vessel. 

Tn the theory it has been assumed that the density of the 
solution at the bottom of the tube is constant over a hori- 
zontal plane, and that this density is the same as that of the 
mass of the solution in the neighbourhood. It has likewise 
been assumed that the density at the top of the tube ina 
horizontal plane is constant, and practically the same as that 
of pure water. These assumptions would only be strictly 
true if gravity were infinitely powerful, and in practice one 
would expect the density at the bottom of the tube to be 
rather less than that assumed, and at the top rather greater. 
These deviations from the assumptions will give a calculated 
value of & smaller than the true one, but even in the worse 
possible case studied, it can be shown by an approximate 
calculation that the error introduced is certainly much less 
than 1 per cent. 

The narrower the tube the nearer will the assumptions be 
to the truth, but a narrow tube permits only a small amount 
ot diffusion to take place. 


tg See 
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In order to test whether it was necessary to have a tube 
of extremely narrow bore three diffusion-tubes were prepared, 
each 4 ems. long, but of different cross-section, as shown in 
the table below. 

Using 10 per cent. KNO; solution, the following results 
were obtained using these tubes :— 


| Experiment. co, ra kx10°. Ng A L. A. | 
ce | us ie fe | te 
AOA ane | ao |) 2 | Pm) vm 
ts fe [ee | P| ore 


The results obtained, using different tubes, do not vary 
more than the individual experiments on the same tube, so 
that for the present at any rate we may neglect any end 
correction to our tubes of 4 cms. length. The results also 
suggest that the vessel containing the water is large enough; 
for, although the quantity of salt diffused into the water 
varies considerably, the quantity in the last case being less 
than half that in the first, yet we get approximately the same 
calculated value for the coefficient of diffusion. 

The next table gives the results for 5 per cent. solution 


of KNO3. 
L=4:00 ms. ; A=1°694 sq. cms. N=gms. KNO, per c.c. solntion at 0° C. 


eee |. x. iAx 10°, bao. | Mean 4x 10°. | 
ahee 242... 0521 “1174 | 870 | | 
| 871 | 
| | 


fe 9 ae “0521 ‘1177 | 872 


Comparing this result with the value obtained in Experi- 
ments 16 and 17 shown in the previous table, we see that 
the coefficient of diffusion of KNO, increases as the concen- 
tration decreases, as was noticed by Scheffer in 1888, a 
phenomenon contrary to that which holds for KCl and NaCl. 

2F2 
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The results obtained with solutions of KCl are tabulated 
below. 


L=400 ems. A=1-694 sq. cms. N=gms. KOl per cc. solution at 0° O. 


Experiment. N. iA X10°. | &X10*. | Mean & x 10°. ie ont 
PEPE, 1975 “4748 966 

972 20 p. cent. 
QD vaceecenetee "1975 ‘4810 ‘978 
QO poss teens 1034 2518 953 - = 

954 10 p. cent. 
PAE RRM BI 1021 2491 956 


8. Karlier Method of Experiment. 


It might be mentioned that a number of experiments were 
carried out by a somewhat different method, denoted in the 
following section as Method A. 

The diffusion apparatus, filled with distilled water, was 
inverted, so that the smaller bulb A (fig. 2) was uppermost, 
in a solution of the salt under investigation, thus allowing 
the salt to diffuse into instead of out of the apparatus, and 
the resultant rate of increase in weight was determined. 

Some of the results obtained with solutions of KCl by 
this method are given in the next table in order to indicate 
the agreement. 


L=400cms. A=1:694sq.cms. N=gms. KCl per c.c. solution at 0° C. 


é : Approx. 
Experiment.| N. tA X10%. | &x10°. | Mean *x 10°. condeuteneie 
Biss cataseee: "+1997 6729 1-011 
1:009 20 p. cent. 
iooncs ia "1997 5703 1007 
H Obeah ce sws tes ‘1014 ‘2786 “952 
953 10 p. cent. 
Piligenteecscc <<: 1016 ‘2799 955 


If the results of Experiments 26 and 27 be compared with 
those of 10 and 11, it will be seen that the agreement in the 
case of the 10 per cent. solution is almost perfect, but it is 


<p 
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not quite so satisfactory in the case of the 20 per cent. 
solution, for there is a difference of 3 per cent. The actual 
measurements are believed to be more accurate than this. 

Some of the difference may be due to uncertainty in the 
value of 6, but this would not produce so great an error as 
3 per cent. It may be that part of the difference is due to 
condensation of water from the air on the salt solution in 
Method A, so that part of the increase in weigh of the 
suspended apparatus may be due to the diminution of 
buoyancy of the solution, on account with its dilution with 
this condenced water. 

The error produced by this cause would probably not be 
great, but no quantitative experiments were actually carried 
out on the subject, as the experience gained in the research 
convinces us that the first method described in this paper is 
distinctly superior to Method A. 

For this reason no further experiments are being carried 
out by the earlier Method A. 

Some of the points in which the method mentioned in § 4 
shows superiority over Method A may be summarized. First, 
in this better method, the condensation of water mentioned 
aboye, instead of being harmful, is even somewhat of an 
advantage. 

Again, this method necessitates the preparation of much 
smaller amounts of solution; then it requires much less 
manipulation in commencing an experiment, as the apparatus, 
filled with the solution and having the open tube temporarily 
closed by a thin glass plate, may be simply lowered into the 
cooled distilled water. 

Instead of this simple process, in the Method A in com- 
mencing an experiment, the solution under investigation was 
slowly run in through a glass tube passing to the bottom of 
the vessel C (fig. 2), while the distilled water, which is thus 
displaced, was removed from the top by means of a syphon. 
Great care was taken to ensure the complete removal of the 
water, so that the vessel C was filled with a solution of uniform 
density. baring ’ 

Thus the whole of the suspended system remains filled 
with distilled water, but is immersed in a salt solution of 
uniform density, so that the diffusion-tube, initially filled 
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with pure water, is brought into contact at its lower end 
with a salt solution whose concentration, on account of 
the large volume present, may be considered to remain 
constant. 

Again, the better method enables an experiment to be 
repeated with precisely the same solution, so that the working 
details are much more under control. Moreover, it has 
another advantage in that greater accuracy is introduced in 
the determination of the quantity 6. 

It is only in very dilute solutions that the value of 6 is 
doubtful, and as only a very slight decrease occurs in the 
concentration of the solution inside the diffusion apparatus 
as the salt diffuses out, these very dilute solutions are not 
produced in this method. 

Since no experiments were made by Kohlrausch with 
solutions as dilute as those produced by the diffusion of the 
salt into the suspended apparatus in Method A, it was necessary 
to make a special series‘of experiments to determine the value 
of 6. Moreover, as the solutions were so dilute, it was thought 
advisable to use a larger flask than than that employed by 
Kohlrausch. In place then of his flask of about 130 c.c. 
capacity, one was taken having a volume of about 300 e.c. 
and it was loaded with shot, so as to weigh about 4 gms. when 
immersed in water. The neck«was drawn off and sealed up 
in the blowpipe, and the flask was then suspended by means 
of a pair of fibres of unspun silk attached to the pan of the 
balance, in distilled water cooled to 0° C. 

It is very necessary that the fibres should be thoroughly 
wetted before use. They must also be smooth, and dust 
should be removed as far as possible from the water, other- 
wise the balance-beam refuses to swing, or only swings in a 
very erratic manner. 

When the flask has been weighed in distilled water at 0° C. 
it is clamped by means of a suitable device, and a standardized 
solution of the salt is added to the distilled water (over 
6 litres) 10 c.c. at a time. A series of very dilute solutions 
of known strength are thus obtained, and the corresponding 
density may be found, from which the value of 6 easily 
follows. 
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| Nal. | KCl. | KNO,, | 

Tee aieation, &. || Ooncent. 6. Concent. Oa 
0008453 "2152 | 0004153 | +3054 | 0004146 | -3097 
001265 -2208 || 0008290 | -3072 | 0006211 | 3072 
| 1684 ‘2252 || 001241 | -3079 || 0008267 | -3061 
| 2102 2281 1652 | -3074 || -001032 | -3042 
2516 2308 2061 | 3089 1440 | -3038 
. 2931 2329 2469 | 3091 2047 | 3037 
| 3343 2354 2875 | -3094 2449 | +3052 
| 3754 2363 3280 | -3095 3046 | °3061 


It might be mentioned that a comparison of the weighings 
from which the above figures were obtained with the earlier 
ones mentioned in § 4, using a wire suspension, show that 
they are apparently equally consistent and trustworthy. It 
seems probable that the disadvantage of using such a delicate 
suspension as a fibre of unspun silk may be overcome by 
using a fine wire in its place, provided that the surface of 
the liquid be covered with a film of oil. When it is re- 
membered that the fibre supports the flask inside a metal 
vessel surrounded by ice, and that clamping and stirring 
must be carried on without the experimenter being able to 
see what is happening inside the vessel, the advantage of using 
a somewhat stronger suspension will be apparent. 

In the present experiments, however, the cocoon suspen- 
sion was adhered to, and with this no oil-film should be used. 

In order to find what value must be taken for 8 in the 
yarious diffusion experiments, the method of successive ap- 
proximations was used. The final rate of increase in weight 
is first assumed to be due entirely to the salt which enters 
the apparatus. In this way a rough value of the concen- 
iration inside the apparatus at the end of, say, a fortnight, is 
deduced. This gives us a rough value for 6, by means of 
which our first assumption may be corrected, and so yield a 
more exact value of 6. 
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9. The Length of the Tube. 

Some experiments were also carried out with tubes of 
various lengths. It has already been shown that it is likely 
that to our present degree of accuracy no end correction is 
requisite to the tube of 4 cms. length. It may be pointed 
out that the end correction must depend on both the length 
and the diameter of the tube. The longer the tube the less 
is the rate of diffusion through it, and therefore the more 
perfectly can gravity regulate uniformity of density in a 
given horizontal plane. 

Three tubes were employed, the lengths beg 4 cms., 
2 cms., and 1 cm.; the areas of cross-section being respec- 
tively 1697, 1:025, and 1:059 sq. cms., and the diameters 
being 1°465, 1:14, and 1:16 cms. respectively ; and the solution 
employed was a 5 per cent. solution of KCl. The results 
are plotted on the accompanying graph (Pl. XXIII. fig. 6). 

Assuming ‘no appreciable end correction to the tube of 
4 ems. length, it is found that to give the same value for the 
Coefficient of Diffusion in each case, 0°036 cm. should be added 
to each end of the 2 cm. tube (i. e. °032 of the diameter), and 
0:045 cm. to each end of the 1 cm. tube (2. e¢. :039 of the 
diameter). The results prove conclusively that it will not 
be possible to accelerate the work by using tubes much 
shorter than 4 cms., unless perhaps a battery of short and 
narrow tubes can be employed. 


10. Conelusion. 

My chief object in bringing this paper before the Physical 
Society of London in its present state has been the hope of 
obtaining from the Fellows some useful suggestions for future 
work, or improvements in the method. 

In all 43 experiments have been performed; many of 
them, described in this paper, have had the sole object of 
endeavouring to obtain information of the best experimental 
conditions. 

The numerical results of some of the others have not 
been stated, as improvements in the method, which they 
have suggested, have rendered the numerical result un- 
satisfactory. 


eS hl 
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The values of the coefficient of diffusion at 0° C., which 
the investigation indicates to be most trustworthy, are those 
obtained with the suspended apparatus filled with the salt 
solution, in the larger copper vessel containing distilled 
water. These results are 


Salt KNO,,. Salt KOl. 
Experiment. Experiment, 
Concen, | Kx10°. Concen. | Kx 10°. 
eed, 10 p. cont. 843 Te aaa 20 p. cent.| -966 
Uiieteeescs-| 10 3 845 PN Raheny ZO cri, ‘978 
PIS Rie eS 5 p. cent.) 870 DOM cee setken ts 10 p. cent.| “953 
OB Re sawewen dees BY 55 ‘871 Dilrivneve tense LOPS; “956 


The results show that the method is capable of yielding 
consistent values, and if compared with those obtained by 
other observers in the same subject, although the concentra- 
tion of the solutions and the temperatures at which they were 
employed vary considerably, thus making comparison difficult, 
yet the agreement, as far as can be judged, appears to be 
satisfactory. 

For instance, results expressed in ¢.G.s. units, obtained by 
Schuhmeister and by Scheffer for KCl and for KNO; 
respectively are shown below 


Salt. Temp. N. kx 10°. Observer. 


Khe.) 17%5 022 |) (147 site 
| Schuhmeister, 
10° 007 127 
Ae al Se ES ee ae 
oS) a ie 031 98 
Scheffer. 
ie | 0093 1:06 
10° O15 92 Schuhmeister. 


The absence of any trustworthy values for the temperature 
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coefficients, and more especially the fact that the concentra- 
tions shown above are so much lower than those employed in. 
the present paper, render further comparison difficult. 


In conclusion, I should like to offer my thanks to the 
Principal and Council of Birkbeck College for assistance in 
carrying the experiments into effect, and especially to Dr. A. 
Griffiths, who not only suggested the research, but has been 
always ready to assist me when in trouble or difficulty. 


DISCUSSION, 

Dr A. GrirFitHs congratulated the Author upox his paper, and 
referred to the importance of keeping the temperature constant during 
the experiments. The eitects of temperature changes were very marked. 
The importance of a deep outer vessel was also surprising, and Dr Griffiths 
pointed out how it was possible to place a superior limit to the error 
introduced by the passage of the salt into the outer vessel. He also 
suggested the use of a differential method, using two glass vessels, to 
overcome some of the difficulties encountered in the experiments. 

Prof. C. H. Lrxs said that all who had experience with diffusion 
experiments would congratulate the Author. The idea of using a balance 
was an old one, but the Author had made an old method a thoroughly 
reliable one. The question was still to be solved whether an increase 
of concentration increased or decreased the diffusion constant, and he 
hoped the Author would be able to carry on his experiments and settle 
this point. 


XXV. The Spectrum Top. By ¥,. Peake Sexton, A.R.C.S., 
Lecturer in Physics, Central Technical Schools, Truro*. 


[ Abstract. ] 


TuE colours formed by the Benham spectrum top are here 
explained. The explanation rests on the fact that the red, 
green, and blue colour sensations have different rates of 
growth and decay. 

When the top or disk shown in the figure is slowly rotated 
anticlockwise, it will be noticed that there is a slight red 
extension to the innermost sector lines. This indicates that 
the growth of the red sensation is the most rapid. If the 
rotation is reversed these lines present a blue colour, thus 


* Read May 22, 1908, 
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showing that this is the last to decay. Thus there is good 
ground for assuming that the rates of growth are red, green, 
and blue, and of decay—blue, green, and red; where the 
first is the most rapid in both cases. 

Experiments showed that the radial distance of the sector- 
lines was without effect on the colour of the lines, and the 
disk, as illustrated, shows that the colour depends on their 
angular positions. 

These colour effects are dependent on the angular widths 
of the sector-lines, being best for lines of 1 mm. observed 
from 1 metre. This phenomenon is thus entirely dependent 


on a contrast. With broad lines the colour produced is too 
faint to be observed, but when the line is narrow, the imme- 
diate surrounding white part will appear to have the com- 
plementary colour, and thus apparently increase the effect. 

The length of the lines naturally affects the colour. 

The speed of rotation has an important influence on the 
colour, but the best effects are obtained at about six reyo- 
lutions per second. 

When the illustrated disk is given an anticlockwise 
rotation, the colours are—purple—dull orange—yellow- 
green—violet-blue ; counting from the centre, and this 
order of colours reverses with the rotation. 

In order to obtain an explanation of the top, it is con- 
venient to assume the eye as directed to one part and consider 
the succession of the different parts before it. 
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I. The Innermost Sector-lines. 


The black sector will pass giving an impression of black ~ 
lines on a red ground, but as there is not a contrast the 
effect is small. Then the sector-lines will pass giving a red 
impression behind them, because of the rapid growth of the 
red sensation, and this is reinforced by a contrast. Finally 
the disappearance of the white sector will give a bluish 
impression, which is not reinforced by contrast. Thus the 
resultant impression on the eye is red lines. 


Il. The Outermost Sector-lines. 


The black sector disappears giving a red impression, which 
is unaided by a contrast. Then the sector-lines come into 
view with a blue after-image on them, which latter is re- 
inforced by a contrast. Finally the black sector appears 
giving another blue impression, but in the absence of a 
contrast it is very slight. The resultant impression on the 
eye is blue lines. 


III. The Middle Sector-lines. 


The colours in these cases are simply due to a combination 
of the causes considered under I. and lI. In all cases, the 
causes II. act first to produce a blue image, and those of I. 
second to produce a red image ; and these combine to give 
tne resultant colour. This depends on the relative intensity 
of the impressions, which vary with the size of the white 
sectors producing the effects. Thus the inner set of lines is 
orange because the red impression is about double that of the 
blue ; and the outer set is green because the blue in this 
case is double the red. 

The above experiments were all made in daylight, but 
Abney’s experiments made under various illuminations fully 
confirm the theory which the author deduced. 

The following references are to the past work on this 
subject :— 

Prof. Liveng. . . . . Nature, vol. li. 1894-5. 

Mr. C. E. Benham cere 

SirsW. de-W, Abney tevin 4 a - 

' Mr. Shelford Bidwell . . Proc. Royal Society, 1896, 
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Discussion. 


Mr F. E. Surrm asked if the Author had viewed the top when 
illuminated with lights of different colours, and if so with what result. 

The Avruor replied that experiments had not been tried in different 
coloured lights, as there was difficulty at the time of obtaining a coloured 
illumination of sufficient strength. The bands were visible in sodium 
light ; but this did not affect the theory, because sodium light, although 
practically monochromatic, affects the three colour sensations, 


XXVI. A Modified Theory of Gravitation. 
By C. V. Burton, D.Sc.* 


1. So many questions arise in connexion with any theory 
which aims at assigning a dynamical basis for gravitation, 
that it may conduce to clearness if some elements of this 
paper are first presented without mathematical treatment. 

The theory now put forward is pulsatory, and may in fact 
be regarded as a development of that which has been 
suggested by Prof. Hicks t+. The ther, even where modified 
by the presence of atomic matter, is assumed to be so 
nearly incompressible that the bulk-modulus of elasticity 
enormously transcends every other elastic modulus ; so that, 
in dealing with any compressional-rarefactional disturbances, 
we may treat the medium as a fluid. 

In two particulars, however, there is an essential difference 
between the views now tentatively put forward and the 
more familiar form of pulsatory hypothesis. These differences 
are indicated in the following five paragraphs. 

2. It is a well-known hydrodynamical result ¢ that if two 
spheres, placed at some distance apart in a frictionless in- 
compressible fluid, are by any means caused to execute 
periodic pulsations (increase and decrease of volume), the 
pulsation-period being the same for the two spheres, the 

* Read May 8, 1908. 

+ W.M. Hicks, “On the Problem of two Pulsating Spheres in a 
Fluid,” Proce, Camb. Phil. Soe. iii. p. 277 (Oct. 1879). 

t Hicks, loc. cit. Cf. also Baséet’s “ Hydrodynamics,” vol. i. chap. xi., 
where further references are given. 
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average force which either sphere causes to be exerted upon 
the other will be an attraction, a repulsion, or zero, according 
as the phase-difference of the pulsations is less than, greater 
than, or equal to a quarter-period. Hence, if we are to 
construct on these lines a model illustrative of gravitation, 
we must assume agreement of phase amongst all the pulsating 
centres, or at least we must suppose that the phases of the 
various centres are more nearly in agreement than would be 
the case if the phase-distribution were purely random. This 
seems to suggest that the source of pulsatory motion is not 
to be sought for in the free vibrations of individual! atoms or 
electrons, but rather in something external to these, and 
acting on them all in common. 

Let us suppose, for example, that free sether is very nearly 
incompressible, and that every region where atomic matter 
exists is a region of somewhat enhanced compressibility. 
On this supposition, an increase of pressure applied by any 
ideal means to all the ether within a given volume would 
cause only a very minute contraction except where atomic 
matter was present ; the expansion resulting from a diminu- 
tion of the pressure applied to the ether being similarly 
localised. 

3. It appears that we might thus account for attractions 
of gravitational type by supposing the ztherial pressure to 
be undergoing a secular change. A gradually increasing (or 
decreasing) pressure would cause every region containing 
atomic matter to behave as a sink (or asa source) in the 
medium. For our purpose, however, accelerated inflow 
(or outflow) of ether at each sink (or source) would 
be necessary ; that is to say, the strength of each sink 
(or source) must be steadily increasing or steadily de- 
creasing with the time—no matter which. The suggested 
possibility of accounting for gravitation by means of a 
slow secular change taking place throughout the universe 
appeared at first sight very alluring ; but calculation shows 
at once that, feeble as gravitational forces are, they are 
incomparably greater than could be accounted for in this 
way. 

4. What, then, would be the result of periodic or quasi- 
periodic fluctuations of the stherial pressure? Every 
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portion of atomic matter would constitute a centre of 
pulsatory motion in the ether; and throughout any region 
not too immense the pulsations would agree sensibly in phase. 
It is by assuming the existence of a fluctuating etherial 
pressure that I have here sought to obtain a consistent 
illustration of gravitational attraction ; and, as furnishing 
most readily an assignable cause for such fluctuations of 
pressure, the propagation of compressional-rarefactional 
waves through the nearly incompressible ether is suggested. 
These waves are supposed to travel with so great a velocity 
that, even though all effective periods involved be very small, 
the effective wave-lengths, measured even by astronomical 
standards, are very great. Though the origin of the assumed 
waye-trains were unexplained, these might still be regarded 
as contributing to the explanation of gravity ; for when once 
the constitution of a dynamical system has been defined, the 
mere supposition that the system is in motion is hardly to be 
viewed as a piling-up of hypotheses. And if we regard the 
question broadly, extending our consideration to that wider 
range of space and motion wherein the whole of our explorable 
universe must needs be treated as an infinitesimal volume- 
element, sensibly homogeneous as regards its etherial 
content, we may admit our complete ignorance of this 
greater universe, and of the forms of disturbance which 
might emanate from it. One might perhaps conceive of 
compressional waves as proceeding from a more primitive 
and chaotic condition of the “primal ether,” from which an 
zether such as we know, with electromagnetic qualities, may 
be in process of formation. As regards the sensible uni- 
formity in time which must characterize the primary dis- 
turbance, if so unchanging a phenomenon as gravitation is 
thus» to be accounted for, we may think of it as a quality 
naturally to be looked for in any activities whose scale is 
sufficiently vast ; just.as the energy of the radiation passing 
into space from the sun varies but little in the course of an 
hour, or as the turbulence of an ocean presents much the 
same aspect from minute to minute. 

In any case it is instructive to trace out some of the 
consequences which might be expected to follow from the 
propagation of compressional waves through a very slightly 


398 DR. C. V. BURTON ON A 


compressible sether ; the more so as we are led to certain 
conclusions which, although essentially based on the ordinary 
postulates of dynamics, are at variance with some traditional 
or instinctive views. 

5. The second innovation referred to concerns the nature 
and mode of progression of the centres of enhanced com- 
pressibility, which are assumed to be associated with atomic 
matter. If the nucleus of an electron is taken to be a 
vacuous cavity, the question of free mobility of this nucleus 
through the ether presents some difficulty, even when we 
suppose that the electron itself is essentially constituted by a 
self-equilibrating distribution of strain in the eether sur- 
rounding the nucleus. But now, discarding for the moment 
a too minute scrutiny of eetherial constitution, so that we 
may regard the ether as a continuous medium, let us 
suppose that the nucleus of an electron *, instead of being 
vacuous, is merely a region of somewhat diminished density. 
(Though increased compressibility may not be inevitably 
associated with diminished density, it is convenient to assume 
such a relation for preliminary descriptive purposes. In the 
sequel this question is treated more generally.) This implies 
that, in the complete strain-distribution which constitutes the 
electron, there is included some degree of expansion in the 
nuclear region. An electron thus constituted may more 
readily be conceived as freely mobile through the ether, no 
vacuous cavity being present to complicate the problem ; 
so that any infinitesimal displacement of the electron is 
simply equivalent to the impressing of a differential strain 
upon the medium. 

6. This assumption as to the nature of an electronic 
nucleus is admittedly gratuitous, but apart from the difficulty 
regarding mobility which it was designed to remove, it has 
the advantage of greatly simplifying the dynamics of the 
problem proposed. So far as we are concerned with the 
distribution of resultant ztherial motion from point to point, 
we may treat each moving electron as a doublet comprising 
a source and a neighbouring sink, while it is shown that the 


* The necessity for distinguishing, in this connexion, between positive 
and negative electrons is considered in Appendices A and B. 


0 gent 
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resultant of the hydrodynamical (gravitational) forces * 
tending to accelerate the motion of the electron simply 
follows the gradient of diminishing pressure and is pro- 
portional thereto. It further appears that the assumption 
referred to might enable the elementary requirements of the 
gravitation problem to be satisfied with the contribution of 
only a very minute non-electromagnetic term to the total 
effective inertia of an electron (Appendix D). 

7. Let F be a physical magnitude characteristic of all 
electrically neutral (atomic) matter, and defined as follows : 
if m is the mass of atomic matter included in any given 
region, then Imp is the defect of mass of etheriak substance 
contained within that region, as compared with the mass 
included in an equal region filled with free ether; the 
density of the ether being denoted by p. (As we shall 
suppose the average density of setherial substance to be but 
little different in a vacuum and in the densest atomic matter, 
no more precise definition of p is needed in this connexion.) 
Otherwise thus: if, within a region bounded by a fixed ideal 
surface and originally free from atomic matter, a mass m of 
matter could be created, a volume Fm of ether would flow 
outward across the bounding surface. F may be called the 
extrusion of ether per unit mass of matter. 

8. Consider further the application of a small additional 
normal pressure dp to a surface bounding some definite 
portion of the wtherial medium, which is modified by the 
presence of a mass m of atomic matter. A reduction of 
volume will result, and we shall define another constant H 
by the statement that the reduction of volume is greater by 
Hmép than if the original volume had been wholly occupied 
by free wther. Thus evidently 


Eas? 1 2 Ma 


9. Let a particle of atomic matter be present where from 
any cause there is a pressure-gradient in the ether. When 


* That is to say of those forces which are concerned in palpable 
wetherial motions; our scrutiny being minute enough to take account of 
variations of therial qualities through the region occupied by an 
electron, but not so minute that the wether ceases to appear to us as a 
continuous medium, 
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the particle is displaced from one point sto a second neigh- 
bouring point, there is a flow of ether inward at the first 
point, and a flow outward at the second point. If the 
etherial normal pressure is greater at the first point than at 
the second, work on the whole will be done by the pressure 
during the displacement. 

Consider a particle m of matter at a point (2, y, z) where 
the pressure is p, and let the particle be displaced to 
(w+68z, y, 2) where the pressure is p+0p/dx.6z. Also let 
the particle be acted upon by such ideal forcive as may be 
necessary to ensure that the displacement takes place very 
slowly. There is work done by the pressure p at (a, y, 2) 
corresponding to a reduction of volume Fm; this work 
being pF'm. There is also work done against the pressure 
pt+6p at (#+6z, y, 2) corresponding to an increment of 
volume (F +8F)m; this work is, to a first order, 


(pF 4-pd¥F + Fép)m, 
where dp=dp/dx . dx, 
and dF = —Hép= —HOp/de. dz. 


On the whole, then, the work done by the normal pressure 
of the medium in the virtual iain. dz is 


(He. PoP mie, 


Of this the first term neve the work done in com- 
pression, the potential energy of the system being increased 
to that extent, while the remaining term is the work done 
against the ideal forcive which was applied to the particle 
to prevent its moving with appreciable acceleration. Thus 
if a particle of mass m is at rest in the ether (or, as below, 
in motion) at a point where an etherial pressure-gradient 
exists, there will be a force 
Op Op op 
—mi( 82, a) oF) (2) 
exerted on the particle. If the particle were allowed to 
move with a finite acceleration, the associated movements of 
expansion and contraction would be correspondingly ac- 
celerated, and work would thus be done in imparting this 
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form of kinetic energy to the «ther. This only implies, 
however, the existence of a corresponding term * in the total 
effective inertia of the particle, the remaining terms being 
probably of electromagnetic origin. Since here, as in the 
usual acceptation of the term, the mass m signifies the total 
inertia of the particle in question, we may remove the 
restriction as to the particle being at rest, (2) being in any 
case the force-components acting on m. It should be 
particularly noticed that the virtual-displacement from which 
(2) was deduced was a displacement of m with respect to the 
ether, and that consequently 
—mF (82, a oe is the furce tending to 


accelerate the particle m with respect to the ether . (3) 


It will be necessary later to examine the forces which 
material bodies might be expected to exert on one another 
owing to their motion through the ether. 

10. Properly speaking, there are two distinct ways in 
which matter may be conceived of as moving with respect to 
the wether. For simplicity, consider only a single electron, 
and let us agree to give the name “nucleus’’ to a certain 
definite central region of the electron. At any instant the 
nucleus comprises a certain identical portion of etherial 
substance, and if this portion were bodily displaced, with 
respect to the surrounding ether (which thereby became 
strained), it might be said that the electron had suffered a 
displacement of like amount. But such displacement, even 
through distances far less than the diameter of the electronic 
nucleus, would presumably be met by an opposing stress of 
enormous magnitude, arising from the deformation of the 
cireumnuclear ether; while the alternative type of electronic 
motion, involving only transference of strain from one part 
of the ether to another, can take place freely without 
evoking any opposing stress. (The forces mutually exerted 
by electrons and assemblages of electrons not coming here 
into consideration.) We shall suppose that when, from any 
cause, matter experiences a tendency to moye, or to change 


* The possible magnitude of this term is considered in Appendix D. 
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its motion with respect to the ether at large, the resulting 
motion may, with sufficient accuracy, be treated as exclu- 
sively of the strain-transference type assumed in the last 
paragraph. It should be remarked that, whereas vortex 
motion would be involved in a bodily displacement of that 
identical portion of etherial substance which is instan- 
taneously co-extensive with the nucleus of an electron, the 
type of motion dealt with in § 9 above is irrotational. The 
latter motion may be supposed to be entirely distinct from 
that which, arising from the charge of the moving electron, 
constitutes a surrounding magnetic field. Such a supposition 
is justifiable if, as I imagine, a magnetic field involves no 
bodily motion of the ether. 

11. Let us now conceive the ether to be ieeyenaed by 
trains of compressional-rarefactional waves, and consider 
first how the motion of matter will be directly affected 
thereby. As already stated, the «ther is regarded as so 
slightly compressible that, where compressional waves are 
concerned, any stresses which may be involved, over and 
above the variations of normal pressure, are relatively in- 
significant: the «ther, in regard to such waves, behaving 
like a compressible fluid, whose motion is sensibly irrotational. 
To fix ideas, let the wave-motion be limited to a single 
harmonic train of plane-waves, propagated with velocity W 
in the direction of w-increasing. It will be convenient to 
define the waves in terms of the variations of pressure taking 
place in the ether ; thus 


p =P+Bsin= (Vt te); . oe ne 


so that B is the semi-amplitude of pressure-variation, W the 
velocity of the disturbance, \ the wave-length, and >/W the 
period ; while e« is a linear magnitude serving to fix 
the otherwise undefined question of phase. 

12. As a particular case, suppose that F’, the extrusion of 
eether per unit-mass of atomic matter (§ 7), is zero, any given 
volume of space thus containing precisely the same amount 
of etherial substance, whether atomic matter is present in 
that space or not. It is then evident from general con- 
siderations that the ether affected by the wave-motion, in 


—S=aE—————— eS t“( 
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surging to and fro, will merely carry with it whatever atomic 
matter may be present; no tendency arising for those strain- 
distributions which constitute matter to lag behind or to 
outrun the bodily excursions of the etherial plenum. The 
same conclusion is reached when we put F = 0 in (3); there 
are then no forces belonging to the class there concerned, or, 
in other words, the wave-motion has no tendency to accelerate 
the motion of atomic matter with respect to the ether; so 
that every portion of atomic matter will continue in its state 
of rest, or of uniform or accelerated motion with respect to the 
ather, precisely as if no wave-motion were taking place. 
Under this particular assumption that F = 0, the wave- 
motion (at least in the case of sufficiently great wave-lengths) 
would appear to be without influence on any of the pheno- 
mena which come within the range of our observation, and 
to belong to that class of activities for which the name 
aphenomenal has been suggested *. Apart from any question 
as to the correspondence between our special assumptions 
and the conditions obtaining in the physical universe, it is 
instructive to realize that the picture here presented—of 
vibratory motions affecting all matter without influencing 
the phenomena of ordinary dynamics—is in no way in- 
compatible with the fundamental concepts of dynamical 
science. 

13. If, instead of F=0, as in § 12, we suppose F to be 
finite, so that the mean density of stherial substance in a 
region containing atomic matter is different from the density 
in free ether, it is evident that a general bodily acceleration 
of the ether will tend to produce an acceleration of atomic 
matter with respect to the ether. From (3) and (4) we find 
for the acceleration of any free mass m of neutral matter 
with respect to the zther 


a={- FB> cos (a—-Wt +e), 0, of; 
while the absolute acceleration A of the ether itself is 
thin by 


lop op 8p) OT cis 
atee Se s{- B= 008" Z(a—Pt+e),0 ob. (6 


* But see also Appendix B 
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In this case then, and (as we easily see) generally for small 
compressional disturbances of the ether, the ratio 


acceleration of free matter with respect to the 
ether : acceleration of theather=Fp. .. . . (7) 


14. There is another aspect of the hypothetical wave- 
motion which deserves some attention. At any point fixed 
with respect to the sether, changes of pressure are supposed 
to oceur, accompanied by changes of density, and as we 
consider the compressibility of the medium in bulk to be 
very slight, the proportional changes of pressure and of con- 
stitutive (potential) energy will be great compared with the 
proportional changes of density. From this it may be 
surmised that corresponding changes in the velocity of 
radiation would be involved, and if the amplitude of these 
changes were not a quite insignificant fraction of the whole 
velocity, effects might result which would be palpable to 
observation. On the other hand, all effective wave-lengths 
are assumed to be so immense that, throughout even an 
astronomically considerable region, the stherial pressure, 
and therewith the velocity of radiation, may be treated as 
uniform at each instant. It is perhaps conceivable that the 
effect of increased etherial pressure would be to accelerate 
not only radiation but all phenomena in the same proportion ; 
so that, for example, two universes identically constituted 
otherwise, but differing from one another as to the pressure 
prevailing throughout the ether and the rapidity of pheno- 
mena in general, might present identical aspects to their 
respective inhabitants. But even so, in the question whether 
the pressure of the ether throughout our universe could 
be gradually’ or suddenly changed without ‘giving rise to 
observable effects, some nice points of dynamics would seem 
to be involved *. 

15. The primary effects of the hypothetical compressional 
waves having been for the moment disposed of, the secondary 

* Among the values which, in § 33 below, are tentatively assigned to 
the various physical magnitudes involved, the variations of potential 
energy of the ether are set down as so small in comparison with the 

whole constitutive energy that the special difficulty above referred to 
seems to be evaded. 
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or gravitational effects may be considered. Every portion 
of atomic matter, in so far as its presence implies altered com- 
pressibility of the ztherial plenum (H0), behaves as a centre 
of pulsatory motion, or as an aggregation of such centres: 
Thus the motion of the ether, to a second approximation, 
is to be found by superposing on the wave-motion proper 
a pulsatory motion due toa distribution of alternating source- 
sink centres, to which should be added (except, as will 
appear, when I*'=0) a distribution of source-sink doublets 
arising from the motion of atomic matter through the eather. 
It will be assumed that the whole region of space under 
consideration is so circumscribed that its greatest dimension 
is very small compared with the shortest effective wave- 
length of the compressional disturbance, so that, at any given 
instant, the primary pressure-variation is sensibly in the 
same phase throughout, while, to the same order of approxi- 
mation,.the source-sink centres just referred to may be 
treated as if they existed in an incompressible medium. In 
accordance with the assumptions explained in §§ 1, 11 above, 
the variations of normal (hydrostatic) pressure are taken to 
outweigh in importance all other stresses evoked by varying 
compression of the medium, and the whole motion to be 
investigated is accordingly irrotational. 

16. Let o be the density of atomic matter at any point 
(w, y, 2); then the total compressibility of matter-encum- 
bered ether contained in the volume-element dx dy dz exceeds 
the total compressibility of a like volume of free ether by 


Biay aye, . 6 © « » » (8) 


in accordance with our definition of H ($8). Further, so 
far as the primary disturbance is concerned, let the pressure 
p be expressed by 
eee wat a, oe (9) 

the presence of atomic matter in the volume da dy dz is thus 
equivalent to a source of strength 

—H SP ode dy dz eee tweet tO) 
which expression must therefore be equated to y°¢ dz dy dz, 
¢ being the velocity-potential of the secondary motion now 
considered, while vy? = 07/02? + 07/07? + 07/02’. 


406 DR. C. V. BURFON-ON A 


With due regard to boundary conditions, this leads to 


H Op Men . 
b= 7 2 INF deldy'de;) . 2a 


o' being the density of atomic matter at any point (2’, y’, 2’), 
while P= (a—w#’)?+(y--y'P?+(e—-2)?. The integration 
must be conducted through a sufficiently extended region to 
include all pulsatory centres which contribute appreciably 
to the value of ¢ at (a, y, 2). In accordance with the as- 
sumption mentioned in § 15 above, the factor Op/dt is placed 
outside the sign of integration ; while sources and sinks other 
than those corresponding to the expression (10) are assumed 
to be absent from the secondary motion. 

17. Treating the primary wave-motion more generally than 
hitherto, (4) may be taken as expressing a single typical 
constituent, no restriction being imposed on the direction of 
propagation of the waves, or on their periods or phases, 
provided that all effective wave-lengths are supposed suffi- 
ciently great, and all limited sources of the primary 
disturbance sufficiently remote. The form of our equations 
of course involves the implicit assumption that, in the 
primary wave-motion, all relations are linear. It is now 
similarly assumed that, in dealing with the secondary dis- 
turbance expressed by (11), non-linear terms may be omitted 
from the equations, the principle of superposition being 
accordingly applicable to the primary and secondary motions. 
Thus, to our order of approximation, we may write 


psPtpto. . i... 
Ory 3 —|F + tune. (0 


and 


=— jets) + func. {t); . "ee 
where ¢, ware respectively the velocity-potential and pressure- 
increment corresponding to the secondary motion, wy, p being 
the velocity-potential and pressure-increment corresponding 
to the primary disturbance. Hence 


ov , o¢ lop _ op do 
a{ sy + St)= Met Trt “(Se + $3) ikege 
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and subtracting from this the equation proper to the primary 
motion, there remains 
Waa Oe, 
eee (15) 
which with (11) gives 


Om Hp fold | 10 ih Pula) yey! 
a — 72 SP Il =, (;) 4 dy dz 


_ Hp op - 
= a rep i . ° . . ° . . . (16) 
where 
_ a ¢—2! ! Dae! 
L=f|fs dal dye! «= .~ (17) 


Hence the secondary motion gives rise to a force upon a 
mass m of atomic matter at (a, y, 2), the #-component of 


which is, by (2), 
ekad HFp 0” 
—mF Se =m? St I,=mX (say), . (18) 
with corresponding expressions for the y- and _¢-components. 
In (18) F may be written f+6F, where F is the mean 
value of F', and SF, to a sufficient approximation, represents 
a variable term, arising from and proportional to the variable 
pressure-term p, which corresponds to the primary dis- 
turbance. Thus 
F=F+5F=F-Hp, .... (19) 
by (1); so that (18) becomes 
X= /(-nFe? +Hp2?)] (20) 
=7- 52 Daa )is . - 


The mean value of X is therefore given by 


2 
X=av. [A SFr]. Breer e ss: 
18. As the primary wave-motion is now supposed to 
involve only very great wave-lengths, so that the (primary) 
pressure-variation throughout the region of space considered 
is sensibly a function of the time only, and not of 2, y, z, we 

may write 
Wreeb,sin(st+e,); . . . . .- (22) 
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each B being of the nature of a pressure (in general infinite- 
simal), while the e’s are phase-terms. Hence 

rely ee 

Seo TSB gin (sé-fe,)3 ... >. ee 
and (20) becomes 


X =-P HSB, s? sin (st +¢,) . Te 
Aor 


_ = H2>B, sin (st + ¢,).2B,'s* sin (st +e,).Iz. (24) 
TT 


There is thus a gravitative field at (a, y, z) defined by the 
average values 


2 
(K,¥, Z=— SPs? #(, 1, L) 


| 
(25) 
Within the limits of our assumptions, there is seen to be 


universal mutual attraction of electrically neutral matter, 
the Newtonian constant being 


2 
Ga EP SB? e. oO ae 


19. It has been pointed out above, as an assumption 
essential to the theory proposed, that every effective wave- 
length of the primary eetherial disturbance must be very great 
compared with the distance between any mutually attractive 
bodies for which the Newtonian law of inverse squares has 
been closely verified. It may be worth while to indicate 
very briefly what would result if this condition were not 
realized. By way of illustration, let the primary disturbance 
take the form, of plane progressive waves of harmonic type 
and of definite wave-length %. ‘Two bodies whose line of 
centres was perpendicular to the direction of propagation of 
the waves, and which were at a distance r apart, would 
attract one another with a force proportional to 

v— cos 2rr/A, 
which, as 7 is increased, changes sign periodically at intervals 
of 3x. (If, in place a a sin gle wave-length r, there were a 
continuous distribution of wave-energy over a wide range of 
wave-lengths, there would simply bea falling off of attraction 
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between the two bodies at a rate more rapid than that of the 
inverse square of the distance.) 

With the primary disturbance in the form of progressive 
waves travelling in one direction (as above) the case of two 
bodies in a line not perpendicular to that direction would be 
more involved ; but if the primary waves were travelling in- 
differently in all directions, there would merely be a gradual 
extinction of gravitational attraction as the bodies concerned 
were removed to distances apart not wholly inconsiderable 
in comparison with the smallest effective wave-length of the 
primary disturbance. 

It will be remarked that, when the distance between two 
bodies is small compared with the mean effective wave-length 
of the primary disturbance, the attraction between them 
exhibits only a second order deviation from the Newtonian 
law of gravitation. 


Motional Forces. 


20. The next question to be considered concerns the forces 
arising from the motion of neutral matter with respect to 
the wether. The expressions for these forces, as will appear, 
contain a factor F?, F being (as defined in § 7) the extrusion 
of ether per unit mass of matter: so that if the mean value 
F were zero, these. forces—which correspond to nothing so 
far observed—would disappear. 

Let (x, y, 2) be the co-ordinates of a particle of mass m at 
time ¢, and let (a’, y’, 2’) be the simultaneous co-ordinates of 
another particle of mass m’, all referred to axes fixed with 
respect to the general mass of zether. As in § 10, the type 
of etherial motion which here concerns us, and which arises 
from the motion of m and m, with respect to the ether, is 
sensibly irrotational. 

Let us consider the forces exerted on m owing to the 
motion of m', and let ¢ be the velocity-potential at (a, y, 2) 
due to the motion of m! only, while r* =(«—a’)?+ (y—,/)? 
+(c—2')*. Then, the effect of the motion of m’ being re- 
presentable by a source-sink doublet at (a’, y’, 2’) we readily 


find 
een = GAe) RD, 
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where d'/dt operating ontany quantity espe the time- 
flux of that quantity due to variations of 2’, y', 2’ only. 


Hence also, 
Em! d’?271 
PT aaage (;) 


Be ee San 3 


SOO Gai Bias dy! _ 
”° dt dts. 


a—a' de ye Ya z—2! aa} 


od eat = aa Ge 
21. In accordance with (3), the force components on the 
particle m at (a, y, z) are 


—mEF (22, ge, oP) nv ks (Ys Z), say; 


or, to a first approximation, neglecting squares and products 
of eetherial velocities, 


m (X, Y, Z)=—mFp Og dg 1a) 


Oz’ dy’ dz 
Simm kor O00 2) 
4 \ Qa? By’? Oz 7(> i 
that is 
__ mm'F*p ( /9(a@—2') 15(«—2')3\ sda’ \? 
Oa ree es est Ma) 
4 oe) Baya ye—#)) vy ‘ 3(@—2') 15(z—2')*(a@—2') pe 
oe oo Na) a 
6(y—y') _ B0(w@—2!)*(y—y’) Ne dy’ +(ceee 30(a—2')?(z—2') \da' dz 
| ee 7 dt ~ "eae di di 
_ 30(e—2') y—y')(e—2’) dy’ de! ae Pa! 3(y-y'e--a') Py 
i dt dt +(5 Soames en r° dt? 
_ 8(2-2')(u—a') Be! 
ad dt? 
with similar expressions for mY,mZ. ... . (29) 


22. From these equations it follows that, when two bodies 
are moving in the same direction through the ether, and 
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with the same unaccelerated velocity, the motional forces 
experienced by the bodies will be equal and opposite. They 
will not, however, have the same line of action, except when 
the motion is either in the line of centres or perpendicular 
thereto. When the common velocity v of the two bodies is 
in the line of centres, there is repulsion between the bodies 
amounting to 


3 mm/F2p , 
i av. een (30) 


When the common velocity v is perpendicular to the line of 
centres there is attraction amounting to 


Weatoe ter a tek (OL) 


where ee 
z 92 
= ee ea a (32) 


There is neither attraction nor repulsion when the common 
velocity of the two bodies is inclined at an angle tan-1,/2, 
or approximately 54° 44’ to the line of centres. But in 
addition to the forces in the line of centres, there are in 
general forces perpendicular to this line, and if we imagine 
the two bodies connected by a rigid immaterial (or material) 
bar, the tendency will be to set the line of centres perpen- 
dicular to the direction of motion ; the couple acting on the 
system only vanishing when the direction of motion is parallel 
or perpendicular to the line of centres. When the direction 
of motion is inclined 45° to the line of centres, the couple 
has its maximum value, namely, 

3 mm’F?p mm’, 


3 vw? or K 8 Vv. te . (33) 


4n° or 


23. If we consider a bar made of given material and of 
definite proportions, and so suspended as to have a given 
period of oscillation about an axis through its centre of figure, 
then the angular deviation of the bar arising from a given 
velocity of translation through the ether will, at its maximum, 
be inversely proportional to the square of the linear dimen- 
sions of the bar. Though no experiments may have been 
specially made with the object of detecting motional forces 
of this kind, it seems certain that if more than a very slight 
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residual effect existed, it must have become apparent in other 
observations. None the less it would be interesting to make 
some definite experiments to put the question to the test, the 
apparatus required being simple. Incidentally, if the conples 
proved to be of measurable magnitude, we could readily 
obtain the data necessary for a determination of our motion 
relatively to the ether. This would involve no contradiction 
of the principle of relativity in electromagnetism; the phe- 
nomena with which we are here concerned not being electro- 
magnetic in character. 

24. Though we do not know what may be the value of the 
constant K defined by (32), or even whether it be different 
from zero, we can make some attempt to assign an upper 
limit to its value. Imagine two compact masses of 1 gram 
each, connected by a bar of negligible mass, the distance 
between their centres being 2 centimetres. Let this system 
be suspended by a quartz fibre, so that its axis is horizontal, 
and the period of its oscillations 30 seconds. Let us further 
suppose that we are able to detect any deviation as great as 
one second of arc on either side of a mean position, when 
the suspended system turns about a vertical axis. Now in 
virtue of the earth’s orbital motion, the highest value attained 
by the velocity v must be at least as great as 32 kilometres 
per second (=3:2 x 10° cm. per second), so that by (33) our 
suspended system, when most favourably placed and oriented, 
could experience a couple as great as 


1(3-2 x 10°)?K = 1:28x10¥K. . . . (34) 


Also the restoring moment when the system is displaced 
through one second of are about a vertical axis is 4-4 x 107-7 
dyne-cm.; and for the experiment to give a null result, we 
should accordingly have 


K > 3-4x10-" in c.a.s. measure. . . (35) 


Assuming, in advance, that a null result would be obtained 
in this case, the value which, in the sequel, will be provisionally 
assumed is 


K=2x10-™," |, | ee 


25. This tentative value of K may be compared with one 
suggested by another way of regarding the question. If the 
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negative electron could be regarded as having a vacuous 
spherical nucleus of radius 10-'* cm., and if we assume the 
atom of hydrogen to contain only one negative electron, 
while the number of molecules in 1 c.c. of gas at 0° C. and 
1 atmosphere pressure is taken to be 3°9x10!; then it 
appears that, on the score of negative electrons alone, F’, the 
extrusion of wether per unit mass of matter ({ 7), would be 
4x10-% c.c. of ether per gram of matter ; equivalent to 
°004 gram of ether per gram of matter, when an etherial 
density of 10” is assamed*. Though the existence of a 
vacuous nucleus in an electron does not appear reconcilable 
with some of the views adopted in this paper, it may be 
worth while to remark that the value of F just mentioned 
leads to K=4x 10-8, which is 200 times as great as the 
estimate (36), and about 12 times as great as might just 
suffice to give positive results in the hypothetical experiment 
of § 24, 


Conjectural Estimates. 


26. The values of a further number of physical magnitudes 
will have to be conjectured before a quantitative view of the 
theory can be attempted. Some of these magnitudes are 
introduced in the following seven paragraphs, which are 
devoted to establishing certain simple relations amongst the 
quantities concerned; the immediate object being to discover 
whether there is any consistent set of values which does not 
bring our theory into conflict with experience. 


27. From (32) 
F=2/(%). om ae: tea 


As regards the primary disturbance, the problem (as in 
§ 11) may be simplified by limiting our consideration to a 
single train of plane waves of definite wave-length 2, the 
greatest linear dimension of the region with which we are 
concerned being but a small fraction of A, so that, to a 
sufficient degree of approximation, the pressure variations at 
any point within that region are given by 


p=Bsin(2mnt-—e), . . . . . (88) 
* Cf. § 35 below. 
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n denoting the frequency of the disturbance. Equation (26) 
now becomes 


| 
ga BP pyot mpm, 2. | 68) 


since we are now limited to a single s, which is identical 
with 2a. 

F, the extrusion of sther per unit mass of matter (§ 7) 
suffers variations given by 


éF=—Hp=—HB sin (Qa7nt—e). . . (40) 


Let the greatest numerical value of dF be F; then by 


(40); 39), 
CR? =H? B’=2G/arprs, in. 1 


or, remembering (37), 
1 3G 
n= a/R . Ape ete pt (42) 


28. Let « denote the bulk-modulus of elasticity of the 
zether, or 1/« its compressibility. By § 8 above, Ho is the 
additional eetherial compressibility where there are o grams of 
atomic matter per cubic centimetre; let this be equivalent to 
pa/k, so that wo is a pure number. Thus 


ES ene el eee (43) 
In virtue of our assumption that « is overwhelmingly 
greater than any other elastic modulus of the ether, we have 
for the square of the velocity of compressional waves 
Vr =K/p, 
whence 
K=n Nps 36-3) 3 rr 
From (39), (48), (44), 


B= /(), » a 


ates e aa 
K pn 7p 
and B? WG 
de ee ro ali = 
where E is the constitutive energy per cubic centimetre of 
the ether. Thus the factor of E in the right-hand member 
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of (47) expresses the maximum potential energy per unit 
volume due to the wave-motion as a proportion of the con- 
stitutive energy of the medium. Moreover, this maximum 
potential energy per unit volume corresponds to an increment 
dF, equal to ¢F, above the mean value F, and is thus, to our 
order of approximation, proportional to £7. We may write, 
then, “ 
DNs 
ea ‘7H’ 


3 c=. / (Fr): Breeches \ (48) 


which serves to define a numerical constant 3 now first 
introduced. ‘This constant might, not improbably, be unity, 
or a number of that order of magnitude, and for illustrative 
purposes it is later assumed that 


eee we ee 3 eS C49) 
29. From (42), (48), 


cy ac) 
n= 5. Paes: Bo) 


the yelocity of compressional waves in free ether being 


v= =m= ba /(2%,). CSE ay eee Gi 
Using (50) in conjunction with (44) and (45) respectively, 


_ 3y*pE + 
K= AanKS : . . . ° . . (52) 
oO); 
=*/( oK3 ) ae 
while from (43) 
4nrkK3 hi 
aaa (54) 


30. An expression is readily found for the maximum 
translational velocity attained by any element of sther in 
the primary waye-motion, half the square of this velocity 
multiplied by the density of the zther being equal to the 
maximum kinetic or maximum potential energy per unit 
volume ; that is, equal to B*/2«. From (47) the desired 
expression is at once obtained, and only requires to be divided 

VOL, XXI, 2H 
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by 27n to give the jeniaroineas of vibration (maximum 
displacement), and multiplied by 2an to give the maximum 
acceleration of any sther-element. Remembering (50) the 
three expressions are :— 


: an 2 m (2K GS : 
ax = —_—_—_ 5 
Maximum displacement from mean position men ( 308) ), (55) 
2G 
Maximum velocity = */ (2 ); i othe ooh. 4 i 
6GE 
Maximum acceleration = J (Sax). co 2 0 3) Oe 


31. Bearing in mind § 9, and in particular equation (3), 
we have also, for any particle of neutral matter considered 
with respect to the ether, 


2 
Maximum displacement from mean position =—; ae a / (Fe (58) 


Maximum velocity= =, /(255), ee (59) 


eee), 


Maximum acceleration = ay / ( « - (60) 
these three equations of course concern only that motion of 
matter with respect to the ether which is directly due to the 
primary wave-motion. 

32. From (46), (50) we have for the range of proportional 
changes of volume of the ether, above and below mean 


value, 
Benen 2GK9 
er AG ); .. 2 


while for the rate (in ergs per second) at which wayve-energy 
is being propagated through any square centimetre of surface 
whose plane is parallel to the wave-fronts, we must take the 
product of the wave-energy per c.c. multiplied by the velocity 
of propagation. Now throughout our purely progressive 
wave-train the total energy per unit volume is B*/2k«, the 
maximum value attained by the potential energy per unit 
volume. Thus multiplying (47) by (51) the rate at which 
wave-energy is being propagated, in ergs per second per 
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square centimetre, is found to be 


VG 35 
2 : 2 
WB2e= 9 (zs) ree), 


33. All the quantities with which we are now concerned 
are expressed in terms of the following seven quantities :— 


(i.) G the Newtonian gravitation constant=6°66 x 10°. 

(ii.) K the motional constant, defined by (31) [2x 10-*°]. 

(iii.) p the density of the ether [10]. 

(iv.) E the constitutive energy per c.c. of the zether [10*]. 

(v.) X the wave-length of the primary disturbance [10* 
astronomical units =1*5 x 10 em. ]. 

(vi.) the proportional increase of etherial compres- 
sibility arising from the presence of 1 gram of 
atomic matter per c.c., as defined at the beginning 
of § 28 [20]. 

(vii.) 3 a numeric defined by (48) [1]. 


Of these seven, only the first, the gravitation constant, is 
known, the values indicated (in square brackets) for the 
remaining six being merely conjectural. If no set of values 
could be found which did not lead to demonstrably false 
results, we should have to conclude that the theory in the 
form here suggested was untenable. The considerations 
leading to the choice of the values in question will be best 
understood after the corresponding values of some related 
quantities have been computed. The table (p. 92) gives in a 
collected form the relations obtained in §§ 27-32. 

34. We may now review briefly the tentative values 
attributed in the last paragraph to K, p, H,», w,and S$. The 
value 2x 10-*° is assumed for the motional constant K, in 
accordance with (35); the supposition being that K is small 
enough for a null result to be obtained in the test suggested 
in § 24, but not with any great margin to spare. It might 
be that the test referred to would give a positive result, and 
in any case a much more sensitive disposition could easily be 
devised. But since no such positive result has yet been re- 
corded, we cannot on this score assign any lower limit to the 


value of K, nor is our choice of something near the highest 
2H 2 
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Values of certain quantities connected with the hypothetical 
(primary) wave-motion, expressed in terms of G, K, p, EH, 
», #, and $, together with the numerical values for the 
same quantities derived from those already assigned to 


G, Ik, &e. 


Nature of quantity. 


( Maximum displacement. 


Forany | 
element 4 Maximum velocity. 


of xther 
| 
Maximum acceleration. 


For any (Maximum displacement. 
element of} 

atomic 
matter, with 4 
respect to 
the ether 


Maximum velocity. 


| Maximum acceleration. 


Frequency of primary disturbance. 

Velocity of compressional waves in 
eether. 

Extrusion of ether per unit mass of 
matter (§ 7). 

Mass of zether extruded per unit mass 
of matter. 


Maximum proportional deviation of 
F from its mean value. 


Bulk-modulus of elasticity of the 
eether, 

Additional stherial compressibility 
per unit density of matter present. 


Maximum deviation of etherial pres- 
sure from its mean yalue. 


Maximum proportional deviation of 
ztherial density from its mean value. 


Total energy of primary disturbance 
per cubic centimetre. 


Energy propagated through 1 sq. cm. 
of normai surface per second. 


Symbol. 


Equivalent eee 
expression. ai ie E 
"XP cok eee 
eV (put ) 810-8 

A (2G 
Os eee . 6 
rs \ (=) 56x10 
6GE ieee 
v (sa) 45x10 
22 2 
a V(=5) 2% 10-8 
2. (20K 
a v() 1:6 x 10° 
27 GE 
2 4/(=5—) |1-3x104 
vu 3 
ON (=x) | 1-29 1078 
Bp 3E 
5 V (=k 219 x10” 
K 
2 a/ re 29 x 10-16 
K 
2 v() 29x 10-4 
A ,/294 
: W (=a) 56x 10-5 
Bu°0E |. 
ee | 478x108 
4n3K 4:2 x 10-66 
3upH 
x V (Sse) 39x 10% 
vg 29K 
2, (29GK\| .. 
a V( a 8:1 x 10-22 
ws: 1-6 x 104 
TH 
’G / 75K) 3:4 1052 
Qu mK ergs. 


Value otherwis 
expressed. 


‘69 micron. 


56 kilom. per sec 


1/5090 micron. 


16 metres per sec 


2°3 x 10° light-yee 
per second. 


4°72 10° atmo 
spheres, 


38 x 1089 
spheres, 


atmo 


1/(6X108) of t 
constitutive ener 
of the medium. 


34x 10*' kilowa 
per sq. em, 
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of seemingly admissible values made necessary by the quan- 
. tities given in the table. The experimental determination of 
the motional constant K, or of an upper limit to its value, 
would be interesting quite apart from its bearing on this 
theory; the question involved being, essentially, whether or 
not the total of ztherial substance comprised in any given 
volume is modified by the presence of atomic matter within 
that volume. 

35. The values assumed for p and H (the density and the 
constitutive energy per unit volume of the ether) are those 
lately suggested by Sir O. Lodge *, who has given very 
convincingly his reasons for supposing that, in order of 
magnitude, the true values may not be very different from 
these estimates. Incidentally it may be remarked that 
Lodge’s estimate of the constitutive energy per unit volume 
of the ether is about 6 times the electrostatic energy per 
unit volume, close to the surface of a negative electron, cal- 
culated on the usual assumptions that practically the whole 
inertia of the electron is electromagnetic, and that the 
ordinary linear relations of the electromagnetic field hold 
good right up to the surface of the electron. 

36. For the wave-length of the primary disturbance, we 
must assume a value so great that, even at distances of at 
least several astronomical units, the inverse square law of 
gravitational attraction is sensibly accurate. By putting 
A=10* astronomical units, this condition seemed to be amply 
fulfilled, since for distances small compared with 2, the 
deviations from the inverse-square law would be only of the 
second order ($19). The chief consideration against assign- 
ing a very much greater value to \ is that § must be kept 
small to preserve linearity of relations, and also, I imagine, 
for general plausibility. 

37. The same consideration (keeping € small) leads us to 
assign a fairly high value to wu (defined in § 28). It is diffi- 
cult to see what sort of value uw should be expected to have : 
whether the proportional increase of etherial compressi- 
bility due to a space being “ filled” with water instead of 
being vacuous should be a large number or a small fraction. 
The value —20—chosen for » would make the phase-difference 

* Phil, Mag. vol. xiii., 1907; Nature, lxxv. p. 519, 1907. 
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of pressure-fluctuation of about the same order between the 
surface and the centre of the sun as between the surface of 
the sun and that of the earth, under maximum conditions. 

The somewhat vague grounds on which the value unity is 
assigned to S were indicated at the end of § 28. 

38. Some of the derived quantities in the table above may 
now be considered. In the first place, take ¢, which repre- 
sents the maximum deviation from its mean value of F the 
“specific displacement” of atomic matter ($7). If the 
primary disturbanee is slight enough to be adequately repre- 
sented by linear equations, we should expect on general 
grounds that € would be small, and the value for ¢ derived 
from our assumptions is 5°6 x 10—®, while the energy of the 
primary disturbance per unit volume, under the same assump- 
tions, appears as 1/(6 x 10°) part of the constitutive energy of 
the ether. 

39. For n, the frequency of the primary disturbance, 
1:29 x10" per second is found, leading to 2°19 x 107 em. 
per second, or over two thousand million light-years per 
second, for V, the velocity of propagation of a compressional- 
rarefactional disturbance through the exther. This would 
amply suffice for the sensibly instantaneous character of 
gravitational attraction. 

40. The bulk-modulus of elasticity of the ether, denoted 
by « is, with our assumptions, represented by 4°78 x 10% 
dynes per sq. cm., or 4°72 x10” atmospheres. Comparing 
this with the assumed constitutive energy of the ether 
(10° ergs per c.c.), which is taken to be the basis of dielec- 
tric elasticity (the reciprocal of dielectric capacity) in free 
ether, the comparison appears to be consistent with our 
assumption that the bulk-modulus is enormously greater than 
any other elastic modulus of the ether ; an assumption in 
accordance with which the ether, in relation to compressional- 
rarefactional motions, has been treated as a fluid. 


Direct Effects of the Primary Disturbance. 


41. Considering next the motion of the ether constituting 
the primary disturbance, and the directly resulting motion 
of matter with respect to the ether, the question arises : 
what phenomena, if any, would present themselves to our 
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observation if such motions were actually taking place ? 
In the first place, bearing in mind § 12 above, it will be 
evident that a bodily vibratory motion of the ether, of 
sufficiently great wave-length, with atomic matter equally par- 
taking in such motion, could give rise to no observable 
phenomena ; if any effects are to be made manifest, as a 
direct consequence of the primary disturbance, these must 
arise from the motion of matter with respect to the ether. 
So far as I have been able to see, after long and careful 
consideration, there would be nothing capable of affecting 
interference phenomena, no heating effect, and no production 
of electromagnetic waves, provided only that one condition 
were realized. That condition is that the positive and nega- 
tive electrons should have identical accelerations impressed 
on them by the direct action of the primary disturbance. 
The discrimination between positive and negative electrons 
in relation to gravitational agency is a question presenting 
many aspects for consideration. Some of these are touched 
upon in Appendices A and B. 

42. Perhaps the most surprising of the tentative numérical 
values tabulated above, is that suggested as the rate at which 
energy is being propagated through the ether, per square 
centimetre of surface normal to the direction of propagation; 
the energy so propagated in one second exceeding by many 
million times the Sun’s entire store of available heat. The 
problem has of course been simplified by limiting the primary 
disturbance to a single progressive wave-train of definite 
wave-length; but the result would not have been greatly 
different if a series of wave-lengths had been included as in 
§ 18, and it is of course quite immaterial whether we assume 
the primary waves to be travelling indiscriminately in all 
directions, or predominantly or exclusively in a single direc- 
tion. It must indeed be admitted that the basis of the 
estimates put forward in § 33 is nothing better than guess- 
work ; but, after making all allowances for the very great 
uncertainty attaching to such conjectures, it appears to be an 
inseparable feature of the theory proposed that energy should 
be travelling through the ether on a prodigious scale. 
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43. The theory of gravitation which forms the subject of 
this paper has a good deal in common with its predecessors. 
In the first place, it is made to appear that gravitational 
attraction is not an essential and inseparable attribute of 
matter, the Newtonian constant being theoretically sus- 
ceptible of increase or diminution, or even of entire suppression 
through a change of external circumstances. In this respect 
the present theory is comparable with Le Sage’s hypothesis 
of ultramundane corpuscles, as well as with a scheme put 
forward by Challis *, which likewise assumed the existence of 
compressional waves in the ether, although the function 
attributed to these waves was very different. But the theory 
now advanced is much more akin to that of Prof. Hicks, 
which indeed suggested it, and of which it may be regarded 
as adevelopment. The introduction of etherial compressional 
waves of great wave-length to actuate the pulsatory move- 
ments of atomic matter, and thus secure the necessary 
agreement of phase amongst the pulsating centres, is one of 
the main modifications suggested ; another being the manner 
in which the capacity for pulsatory motion, assumed to be 
associated with the electrons, is represented as mobile through 
the ether. In this way we avoid the necessity for supposing 
that any element of etherial substance ever deviates by more 
than a minute amount from its mean position, the motion 
throughout being of “ stationary ” type, while at the same 
time the problem with which we have to deal is essentially 
one of hydrodynamics, capable of being worked out to a 
first order by means of a simple analysis. We are enabled 
to treat the ether as if it were a fluid, not because we assume 
it to yield freely to certain types of stress, but because the 
distortions involved in the motions considered are so exces- 
sively minute that no appreciable opposing stresses are called 
up, save only the changes of hydrostatic pressure, which owe 
their importance to the enormous value attributed to the 
bulk-modulus of elasticity of the ether. Apart from the 
simplicity thus attained, it appears to me most desirable that 
we should discard, if possible, the conception of matter, or of 


* See a review by Maxwell, ‘Nature,’ vol. viii.; Scientific Papers, 
vol, li, p. 338. 
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any parts or properties associated with matter, as grossly 
ploughing a course through a reluctant xther. All that we 
know of zther and of matter seems to indicate that the 
mobility of matter is absolute, and that the elastic properties 
of the zther remain perfect, notwithstanding the motions of 
material bodies, or even of detached negative electrons 
travelling with velocities approaching that of radiation. And 
the only way in which I have been able to conceive of matter 
as travelling through the ether, without doing unwarrant- 
able violence to the structure of the medium, is by supposing 
the entire phenomenon of motion to be reducible to a trans- 
ference of strain, so that no event in our universe involves a 
progressive yielding of the ether. 

44. By Maxwell * it was felt to be an objection to such 
hypotheses as those of Le Sage and of Challis, that they 
involved a continual expenditure of energy for the main- 
tenance of gravitational attraction, the conservation of energy 
in such cases being “apparent only.” The present theory is 
equally open to this criticism ; but the objection is a meta- 
physical rather than a physical one, and in view of recent 
developments it has hardly the foree which it might have 
appeared to have some forty years ago. We have become 
accustomed to the idea that our rapid motion through a 
medium of enormous density not only fails to provide us 
with a useful source of energy, but defies the most refined 
attempts to detect it by means of terrestrial observations. 

And there is nothing more inherently improbable in the 
notion that our universe may be traversed by waves of 
enormous energy, perceptible to us only by means of a 
minute secondary effect—gravitation. That we should be 
unable, even in our dealings with this feeble residual pheno- 
menon, to extract with continual profit the minutest portion 
of the energy so abundantly propagated, is a view which 
may appear to us somewhat ironical, but which is not out of 
harmony with the trend of modern physical conceptions. 

45. Whatever may be the difficulties of the theory, this 
attempt to contribute something towards the explanation of 
gravitation has appeared to me sufficiently suggestive to be 


* Loe. ett. 
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worth publication; the more so as_ incidentally certain 
questions are raised, some of which, it may be hoped, are 
capable of being decided by experiment. 


APPENDIX A. 


Electromagnetic Phenomena which might conceivably arise 
from Gravitation. 


46. Since in this paper gravitation is regarded as a 
secondary or residual effect, due to the influence of atomic 
matter on the propagation of compressional ztherial waves, 
it might have seemed more logical to discuss the electro- 
magnetic phenomena possibly produced by such waves, before 
considering effects of a like character which might be 
supposed to arise from gravitational attraction. In the first 
place, however, gravitation is known to exist, and in the 
second place, the effects to be considered, being statical, 
are comparatively simple. Accordingly gravitation may be 
dealt with first in this connexion. 

47. Independently of any theory as to the cause of gravi- 
tation, if we suppose that ordinary matter is made up of 
electrons, then it seems reasonable to conclude that any 
influence exerted on matter can be analysed into influences 
exerted on electrons. Again, experiment indicates unmis- 
takably that, whatever the nature of positive and negative 
electrons may be, they are far from being symmetrical 
opposites. Thus it is natural to inquire what effects are to 
be expected when we discriminate between positive and 
negative electrons under gravitational influence. 

48. To take the simplest case, consider a body moving 
without constraint in a uniform field of gravity, the accelera- 
tion of the body f thus agreeing in direction and magnitude 
with the strength of the field. Suppose that, electrically, the 
condition of the body is not changing ; then on the whole 
both positive and negative electrons are moving with the 
acceleration f. Now if the forces exerted in a field of gravity 
are in the same sense on positive and negative electrons, and 
of magnitudes proportional respectively to the masses of such 
electrons, the identical acceleration of the two denominations 
will follow, without additional forces of electrostatic type 
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being called into play. Butif the gravitational forces on 
positive and negative electrons do not conform to the condition 
just referred to, they can always be resolved into two sets : 
one set of like forces proportional respectively to the masses 
of the positive and negative electrons on which they act, and 
another set of forces acting equally and oppositely on the 
positive and the negative. This latter set produces on the 
body under consideration the seme effect as would result 
from a uniform electrostatic field, the body becoming elec- 
trically polarized if of dielectric material, or, if a conductor, 
acquiring a surface charge of electrification without internal 
polarization. 

49. The state of things here suggested is somewhat dif- 
ferent from anything ordinarily contemplated in electro- 
statics; the gravitational quasi-electromagnetic intensity 
which acts throughout the substance of a conducting body 
being balanced by the true electromotive intensity arising 
from the surface distribution of electricity, so that we have 
an electrostatic field of force exertedin a conducting medium 
in equilibrium. In these circumstances, it may not be super- 
fluous to point out that, in estimating the electric field-intensity 
from the surface charges, no dielectric constant other than 
that of free ether comes into play. For in an electrostatic 
field, the intensity at any point is determined jointly by the 
signs and positions of all the electrons concerned, and by 
nothing else, each electron contributing to the field-intensity 
the same component as if the other electrons were non- 
existent. As is well understood, the electronic theory affords 
on these lines an account of the dielectric qualities of different 
media ; such qualities, however, being without any bearing 
on the problem, so long as on the whole there are no forces 
tending to displace relatively to one another the positive and 
the negative electrons which together make up the medium 
under consideration. 

50. Let 4, #2, denote the masses of the positive and nega- 
tive electrons respectively, contained in unit mass of matter ; 


then 
mre teh! EY caay. 


Also let the total charge of the positive electrons in unit 
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mass of matter be ex, the total charge of the negative elec- 
trons being accordingly —ey: where eis the quantity of 
electricity required to liberate one gram of hydrogen elec- 
trolytically, and y is a numeric. 

Further, in a field of gravity whose intensity is measured 
by the acceleration /, let 


gravitational attraction on mass ft, of positive electrons be py yf, 
5 = > Ba Of negative electrons be fa¥2f- 


We then readily find, for a mass moving freely in the field f, 
that the electrical condition is the same as if an electro- 
static field were exerted, whose intensity, measured in the 
same direction as /, is 


(py t+ ery )//eX = (Ho Havadf[eX 3+ + (64) 
this equivalent field-intensity being expressed in electro- 
static or electromagnetic measure, according as e is in 
electrostatic or electromagnetic measure. 

51. The (single) condition that this quasi-electromotive- 
intensity should vanish is y,;=1=y., in which case the 
gravitational forces acting on masses s1), fg of positive and 
negative electrons ina field of intensity fare respectively 
Hf; Hof ; that is to say, in the proportion of the masses. As 
will be seen in Appendix B, the gravitation theory of this 
paper appears almost certainly to demand that the condition 
just referred to should be satisfied ; but putting that theory for 
the time being on one side, it is interesting to trace out some 
consequences of a less restricted view as to the relative 
behaviour of positive and negative electrons under the action 
of gravity. 

52. When the body with which we have to deal is not 
moving freely in a sensibly uniform gravitational field, the 
corresponding results cannot be written down without making 
some assumption as to the relative mobility of positive and 
negative electrons in a conducting or dielectric mass. For 
example, let us trace the consequences of supposing that the 
negative electrons alone possess sufficient mobility to enable 
them to migrate through unrestricted distances within the 
mass of a solid conducting substance ; the negative electrons 
thus serving to convey the whole of any current which may 
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be flowing in the substance. In a cylindrical conductor 
whose axis is vertical, let a current be flowing upward ; 
consider what happens when negative electrons whose aggre- 
gate charge is —ey pass downward through the cylinder, 
and in particular through a certain stratum of the cylinder, 
bounded above and below by horizontal planes, whose distance 
apart ish. According to our notation, —ey is the aggregate 
charge of the negative electrons which are comprised in one 
gram of neutral matter, and which have collectively the mass 
/, experiencing in a gravitational field of intensity g the 
force y2g, measured downward, so that the work done 
by gravity while the quantity —ey moves downward through 
the stratum h is pyy2gh. There is thus virtually, correspond- 
ing to a height h of the condactor, an electromotive force 


—pyy2 gh/ex (measured downward); . . (65) 


the quasi-electromotive-intensity due to the action of gravity 
being therefore 


— pyyog/ex (measured downward). . . . (66) 


53. If, in place of gravity acting, an acceleration / is 
impressed on an isolated conductor, then the negative elec- 
trons of total charge —ey, having an aggregate mass js, 
must experience, when there is electrical equilibrium, a re- 
sultant force uf, and in virtue of the assumed mobility of 
the negative electrons, this resultant force y,/ must be due 
to an electrical distiibution on the conductor in question. 
But an electrical distribution which would exert the force 
#2 f on certain electrons is precisely that distribution which 
would arise from such an external field as would by itself 
exert the force —p,f on the same electrons. In other words, 
the conducting body caused to move with acceleration /, 
becomes electrified precisely as if it were placed in an 
electrostatic field of intensity 


PerAR eat Miles Peet's, feta” (OF) 


If we take 7 to be vertically downward, and identical in 
value with g, we find by combining (66) and (67) an ex- 
pression for the virtual electrostatic field due to the action of 
gravity ona freely falling body ; and this expression agrees 
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with (64) which was obtained independently of any assump- 
tion regarding the respective mobilities of positive and 
negative electrons. 

54. On the other hand, if we were to assume that, while 
currents of conduction were carried exclusively by the nega- 
tive electrons, it was the positive electrons alone which were 
acted upon by gravitational attraction, we should be led to 
the conclusion that bodies at rest relatively to (say) the earth 
would acquire no electrical charges through the action of 
gravity. 

55. Reverting now to the illustrative assumption of § 52, 
we may attempt to form some idea of the magnitude of the 
electromotive effects to be expected when the negative elec- 
irons are supposed to be not only the exclusive carriers of 
currents of conduction, but also the only objects influenced 
by gravity. A further assumption is needed as to the total 
of positive or of negative charges carried by the electrons in 
unit mass of matter. Let it be assumed, for example, that 
X%=1 (see § 50), so that the negative electrons comprised in 
one gram of hydrogen (or of other substance) will have an 
ageregate charge equal to e, the quantity of electricity 
required to liberate one gram of hydrogen by electrolysis. 
The expression (66) for the downwardly-directed quasi- 
electromotive intensity resulting from the direct action of 
gravity becomes —pyyag/e, where peyog is the downward 
force exerted in the earth’s gravitational field upon the mass 
fy of negative electrons comprised in one gram of matter. 
But under our present assumptions this latter force is simply 
the weight of one gram of matter, and is equivalent to g ; 
so that finally the downwardly-directed quasi-electromotive 
intensity is measured by —g/e. Now e is roughly 10* e.m. 
units of quantity per gram, and g may be taken as about 
980 cm./sec.?; consequently, for the quasi - electromotive 
intensity affecting stationary bodies at the earth’s surface 
the estimate obtained is 980 x107* e. m. units of potential 
per cm., or 9°8x 107" volt per em. 

56. On applying the axiom that gravity cannot be made 
to furnish an unlimited supply of energy, it is evident that 
the total gravitational electromotive force round any closed 
circuit of conducting bodies must vanish, however small may 
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be the conductivity of those bodies ; so that any attempt to 
detect such electromotive effects galvanometrically must fail. 
The only methods conceivably available would be those de- 
pending upon the convection of electric charges by insulated 
conductors moving between one level and another, and 
making contact intermittently with the extremities of an 
elongated vertical conductor. It would be easy to devise a 
machine for performing continually a cycle of operations, 
whereby any electromotive influence due to gravity would be 
rendered effective in gradually imparting contrary charges 
to a pair of insulated hollow conductors. But apart from the 
excessive minuteness of the effect to be looked for, and the 
thermoelectric and other disturbing influences almost neces- 
sarily encountered, another consideration steps in to render 
any such attempt nugatory. To guard against stray electric 
influences, our whole apparatus would require to be enclosed 
in a conducting envelope, the charge induced on which by 
gravitational influence would exactly neutralize, throughout 
the interior of the envelope, the quasi-electromotive intensity 
due to the direct action of gravity. Thus, even if we suppose 
positive and negative electrons to be oppositely acted upon 
by a gravitational field (in which case, for example, the 
aggrgate attractive force on the negative electrons in a body 
might greatly exceed the weight of the body), it would still 
be impossible, by means of laboratory experiments, to detect 
any electromotive effects due to the earth’s gravity. 

57. The case of the earth moving in its orbit under the 
sun’s attraction may be regarded as that of a body moving 
freely under a sensible uniform field of gravity. Making 
any assumptions that suggest themselves as to the number 
of electrons in a gram of matter, the relative masses of 
positive and negative electrons, and the forces experienced 
by these under gravitational influence (64), may be used to 
estimate the resulting electrical distribution on the earth’s 
surface (or in the upper strata of the atmosphere) arising 
directly from the gravitational attraction of the sun. But 
with such assumptions as I have tried, it appears that 
the effect to be expected is very minute. For example, 
making the same assumptions as in § 52, and in addition 
assuming that nearly all the inertia of neutral matter is the 
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inertia of positive electrons, the extreme difference of 


potential between opposite poles of the earth comes out as 
about 80 microvolts. Moreover, the shifting of this feeble 
electrical distribution, owing to the earth’s (solar) diurnal 
rotation, could not have any sensible influence on the 
phenomena of terrestrial magnetism. 


APPENDIX B. 


Electromagnetic and Thermal Effects produced by 
Compressional Aitherial Waves. 


58. Returning more particularly to the view adopted in 
the body of this paper, the results obtained in §§ 16-18 
above may be readily revised so as to discriminate between 
the possibly different gravitative behaviour of positive and 
negative electrons. 

As in Appendix A, let unit mass of neutral matter contain 
mass yu, of positive and pw, of negative electrons (so that 
fj +g=1), the aggregate charge of mass mw, (or py) of 
positive (or negative) electrons being as before denoted by 


ex (or —ey). 
Let 
volume of ether “extruded” by mass p, of positive electrons =F \y,, 
” ” ” Hay) negative 9” aba) 
then 
mass ” ” » Hy » positive » =F, 
and 
mass i ” 1 Pa 9, negative » =F. 
Also let —d¥\/dp=H,, —d¥./dp=H,; ~. . (68) 


then evidently 
Fy t Poy. =F(mi +42) =F and Hi, +Hiw,=H. (69) 


Precisely as in (7), we can write down, in terms of the 
acceleration of the ether, the corresponding forces on 
positive and negative electrons. Writing A for the acceler- 
ation of the ether at any instant, arising from the propagation 
of the primary waves, the corresponding force tending to 
accelerate the mass py, of positive electrons relatively to the 
wether is F,u,pA, while the mass p, of negative electrons 
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similatly experiences a force F,u.pA. Now 

Fy pA=A{Fp, pune t 

EE eae ais sean 
the aggregate forces acting respectively on the positive and 
on the negative electrons in unit mass of matter being thus 
resolvable into forces Fy,pA, Fyu.pA proportional to the 
masses on which they act, together with the pair of forces 
(F,—F)a,pA and (F,—F).pA, which by (69) are equal and 
opposite. The first two constituents named tend to accelerate 
each element of matter with respect to the ether as a whole, 
the total force exerted per unit mass of matter being FuA; 
while the remaining equal and opposite forces, acting 
respectively on positive and negative electrons whose aggre- 
gate charges are ey, —ex, have the same effect on the motion 
of those electrons as would be produced by an electromotive 
intensity 


7 =! 


F,—F)mpA — (F—F,) pA 
eX a 
measured in the direction of the acceleration A. 
59. As in Appendix A, let it be assumed (merely by way 
of example) that y=1,e being as before the quantity of 
electricity required to liberate one gram of hydrogen electro- 
lytically. Assume also that the extrusion of ether F per 
unit mass of neutral matter is due entirely to negative 
electrons ; the «ther extruded by one gram of matter being 
therefore that extruded by a mass py of negative electrons, 
whose total charge is —ey (=—e). Assume, that is to say, 


F,=0 and Fyyo=Fu=F(e,4+p.).. . ~ (72) 


If we further assume (as in Appendix A, § 57) that nearly 
all the inertia of neutral malter is the inertia of positive 
electrons, so that ~,;=1 approximately, then (71) becomes 


ee ; (73) 


which, with our present special assumptions, is the quasi- 
electromotive intensity due to an acceleration A of the 
ether. 
60. As regards the thermal effects arising from com- 
pressional wayes in the ether, let us simplify the problem to 
VOL, XXi. 21 


(71) 
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be considered by reducing the disturbance (as in § 27) toa 
single plane wave-train of very great wave-length A, and of 
frequency n. Putting sin place of 2an, we may write for 
any region of dimensions very small compared with A, 


Tix Trelt, o,0)) .0 


where it is to be understood that T and T, are expressed in 
absolute electromagnetic measure. 

61. Consider in particular the case of a flat parallel-faced 
slab of conducting material, whose length and breadth are 
very great in comparison with its thickmess, the main faces 
of the slab being perpendicular to the direction in which the 
compressional etherial waves are being propagated, and 
perpendicular therefore to the direction of the quasi-electro- 
motive intensity T, which we shall suppose to be measured 

positively from left to right im the figure, 
as indicated by the arrow. 
At any instant let ¢ be (in electro- 
magnetic measure) the surface-density of 
electrification on the right-hand face, —s 
1s +/$ being that on the left-hand face; ¢ will 
evidently be a periodic function of the time 
of the form 


S= 6", «ae 


where so is a constant, in general complex. 

Between the faces of the slab there is, at any time ¢, a 
conduction current whose density, referred to unit of area, 
is ds/di, and a polarization current whose density is —ds/dt*, 
the total effective current being thus zero. The same result 
is otherwise evident ; for at any point exterior to the slab 
the total electromotive intensity arising from the surface- 
densities s and —s vanishes at each instant. Hence outside 
the slab there is no polarization and no polarization-current, 
and of course no conduction-current; so that the total 
effective current is zero outside the slab. The solenoidal 
or “stream” character of the total current accordingly 
necessitates a zero value for this vector within the substance 
of the slab also. : 


aa 


* Cf. Appendix A, § 49, 
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62. Thus everywhere, except near the edges of the slab 
(which we ignore) magnetic force is absent, and Ble i 
magnetically speaking our system is without kinetic energy * 
There must of course be some kinetic energy involved in 
the reciprocating relative motions of positive and negative 
electrons, but this kinetic energy, even though a close enough 
analysis mould reveal its electromagnetic character, has no 
place in the ordinary equations of electromagnetism, and a 
moment’s consideration suffices to indicate its excessive 
minuteness. 

63. Within the substance of the slab there is at each 
instant a quasi-electromotive intensity T and a true electro- 
motive intensity —47V?s, V being the velocity of radiation. 
For simplicity it will now be supposed that the only opposing 
forces are due to electrical resistance; thus in the absence of 
appreciable inertia effects, the relation 


(T—4rV’s)c=ds/dt « « . . « (76) 


is always satisfied ; c being the conductivity of the substance 
of the slab. Using (74) and (75), 


Aer Cts) ieee ss, » (70) 
This gives for the current-density 


Ac(s?+7 . 42 Vsc) jt 
l6m? Vic? + 8? : 
or, separating the real from the imaginary problem, we have, 
corresponding to 
BmrOOe a ei ee nt et ie @ « (09) 
a Toes 
16m? V 4c? + 8? 


* There will accordingly be no production of electromagnetic waves, 
except near the edges of the slab where the same simple conditions are 
not realized. But im general electromagnetic waves will be produced 
wherever there are bodies of dielectric or conducting material in the path 
of the primary compressional waves. If the primary disturbance, as in 
the foregoing table, is assumed to be periodie and of frequency 1-29 x 10"°, 
the electromagnetic waves, being of the same frequency, will in free 
sether have a wave-length of 2°33 cm. Without having considered these 
waves in any detail, I think it may be said that they will be quite 
insignificant, provided the electromotive effects of the primary waves are 
too slight to give rise to appreciable therma] phenomena. 

212 


(78) 


T=tsge**= 


(scos st—4arV’csin st)... . (80) 
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64. The rate, in ergs per second, at which energy is being 
dissipated as heat in each cubic centimetre of the conductor 
is accordingly 


ie Shick . (83) 


c= TeeViere (s cos st —4r Ve sin st)’; 


so that 
Ty Ola yes 
¢ = a "Gs . 82 
ee gs ¢ 216m Vier +3? (82) 
The last-written expression. is a maximum with respect to ¢ 
when c=s/47V?, in which case the average of I?/e becomes 


Ts/l6rV2 Oe 


64a. Remembering (73), we find that, with the particular 
set of numerical values adopted in the foregoing table, 
Ty=130 volts per cm., or in absolute e.m. units 1:3 x 10%; 
s=2mn=27 x 1:29 x 10; the average rate at which energy 
is being dissipated in the conductor being in that case 


2 x 10° ergs per sec. per c.c. or about 7°5 calories per sec. per ¢.c. 


This is with the conductivity most favourable to dissipation, 
the value of the conductivity being then given by c=s/47rV? ; 
so that the specific resistance would be 4a V?/s=1°4 x 10" in 
absolute measure, which is equivalent to 140 ohms as the 
resistance of a centimetre cube. If the slab were of much 
higher or much lower conductivity, the dissipation of energy 
(corresponding to the same set of assumptions) would of 
course be much less. 

65. Thus with the special assumptions of § 59 the rate of 
development of heat, through the action of the primary waves 
on matter, though excessively minute compared with the 
rate at which we have supposed energy to be propagated in 
those waves, is nevertheless, at its maximum, much greater 
than could be reconciled with experience. But in obtaining 
the estimates of the previous paragraph, it was assumed 
that the “extrusion” of the ether per unit mass of matter * 
was entirely due to the negative electrons, and that the 
inertia of matter was almost entirely due to the positive 
electrons. Unless we were to suppose the extrusions due to 


BOLO AT: 
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positive and negative electrons to be of opposite signs, this 
would be the assumption corresponding with the greatest 
electromotive effects from the action of the primary waves on 
atomic matter, and with the greatest consequent dissipation 
of energy ; the inference being that, if we are to retain our 
tabulated estimates, or any others not wholly different from 
these in order of magnitude, we must adopt some more 
favourable assumption as to the relative “extrusions” and 
masses of positive and negative electrons. Now it is evident 
from (71) that if the “extrusions” of positive and nega- 
tive electrons were proportional to their masses (that is 
F,=F=F,), the electromotive effects of the primary waves 
would vanish. In that case there would be no heating of 
matter through dissipation of the energy of the primary 
disturbance, nor would there be any corresponding production 
of electromagnetic waves. Hxperience suggests, then, that 
the relation 


Pres Ore eee Nees ad) r,s: . , (84) 


is exactly or very nearly fulfilled. 

66. If indeed the ether is traversed by waves of other 
than electromagnetic type, to the penetration of which no 
sort of matter forms a barrier, it would be interesting to test 
for any residual heating effect due to the interaction of such 
waves with atomic matter. To devise the most sensitive 
arrangement within given limits of size wound need some 
thought, but evidently a body of large bulk would be best. 
Such a body (perhaps hollow) of suitable conductivity, well 
jacketed with a material of the highest possible thermal and 
electrical resistance, and further enveloped in a double-walled 
vessel containing ice, might be examined for a gradual rise 
of temperature. Even if all laboratory experiments on these 
lines should give negative results, it might still be held 
possible that some part of the earth’s heat was due to the 
electromotive effect of compressional etherial waves. This 
is only mentioned as a possibility suggested by the theory 
of this paper, and not as tending to remove any existing 
difficulty in the domain of geophysics. 

_ 67. Some attempt having already been made in Appendix 
A to trace the possible electromotive effects of a‘ gravitational 
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field, the modifications which must be made in the equations 
of § 17 above, when we wish to diseriminate between positive 
and negative electrons, will now be very briefly indicated. 
With the notation explained in § 58, the source whose strength 
is expressed by (10) must now be represented by the more 
complete expression 


— (Hyp + Hype) Po dedyde, se (85) 
which is to be equated to y’pda dy dz ; hence (11) becomes 
$= Bees on ((= da! dy'd#; . . (86) 


while (16) is eee by 


Hypo, + Hype) 0? 
on _ Guth ctr, ss 8 


where I,, as before, has the meaning indicated by (17), 

In place of (18) we have now two equations, expressing the 
forces acting on positive and negative electrons respectively, 
The force on the positive electrons in unit mass of matter 


bd Om tar p (Eis + Home)p 0° p 
ae MBs, et F, Aor Yi | ° 


(88) 


the force on the negative electrons being similarly 


Hy,+H role 
Pol ( ge afte) P = Ey z (89) 


= — pF, oe = 


(19) being replaced by 
F,=F, + 8F\=F,—Hyp 
F,=F,4+6F,=F,— Hp 
Hence the gravitational force acting on the positive electrons 
in unit mass of matter is 


— ff a(Pi— Hyp)(Hypy1 + Hope) oey 2} Jee 


and since the average value of O’p/O?? is zero, the only part 
of this expression which does not disappear on averaging is 


average of {Pu (Hyp +Hyu,)p 221 (92) 
g de Me) Paz re 2 


. see 
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Similarly, the average force on the negative electrons in 
unit mass of matter is 


2. 
average of { 2 Hys(Hiys + Hoye) 221, | me CRD) 


On adding (92), (93) and comparing with (21), it is seen 
that (Hw, +H,.u.)’=H’, which is otherwise immediately 
evident. 

68. Now we have seen that the only escape from in- 
admissibly great heating effects of the primary waves lies 
in supposing the relation (84) to be at least very approxi- 
mately true ; and unless we make the very special assumption 
that the relation in question is only fulfilled for one particular 
value of the general ztherial pressure, we must likewise 
conclude that 

dE ,/dp=d¥ /dp=dFj/dp; . . . » (94) 
or, remembering (68), that 
PAPO Pe ebeoc she. 6! ei) <> «2 OD) 


In this case the expressions (92), (93) for the forces 
exerted in a given gravitational field on the positive and the 
negative electrons in unit mass of matter, become proportional 
respectively to the aggregate masses of the electrons in 
question. As was pointed out in § 51 (Appendix A), this is 
the condition that no electromotive effects shall be experienced 
by a body moving freely under a sensibly uniform field of 
gravity. 

The relation between the notation of this Appendix and 
that of Appendix A is evident : “,; and pw, having the same 
meaning in each case, while H,, H, are respectively equivalent 
to mH, y2H. 


APPENDIX C, 
A Non-Electromagnetic Term in the Inertia of an Electron. 
69. It will readily be realised that, just as an electron 
possesses mass or inertia of electromagnetic origin, so on our 
theory the total effective mass of the electron comprises what 
may be called a gravitational term. The motions which are, 
on this view, to be classed as of gravitational type are wholly 
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of the nature of irrotational bodily movements of the volume- 
elements of ether. What has here been called the primary. 
disturbance is assumed to consist of compressional waves, 
while the secondary disturbance—the supposed cause of gravi- 
tation—takes the form of a pulsatory movement whereof 
every particle of matter may be regarded as a centre. 
Finally, the motion of matter with respect to the ether 
appears in general to involve (over and above electromagnetic 
phenomena) an irrotational distribution of etherial motion. 
This necessarily implies the addition of a corresponding term 
to the inertia of the matter in question; but as will now 
appear this term may, on our assumptions, be relatively 
insignificant. By way of illustration, expressions for the 
gravitational inertia of an electron, obtained on two further 
alternative assumptions, will now be given. 

70. In the first place, let us suppose that the free ether is 
a strictly continuous medium, and that the constitution of an 
electron involves a modification of etherial density expressible 
as a. continuous function of coordinates. Let the modifi- 
cation of density be such as corresponds with a radial dis- 
placement 6R (measured outwards) of any element distant R 
from the centre of the electron. It is understood, of course, 
that the unmodified state of the ether, expressed by SR=0, 
is one of uniform density. In particular, let * 


oR=S=CR from R=0 to R=R 
SR=CR,}/R? from R=R, to R= ti - (96) 


then it can be shown that the corresponding term in the 

inertia of the electron is 
20 
3 


where p as before is the density of the ether. 


wpCR,, 1. 2 ae 


* This distribution of 6R suffers from the disadvantage that motion of 
the electron through the wether involves impulsive changes of velocity of 
those zther elements for which, instantaneously, R=R,. A slight 
modification of (96) would remove the objection, but at a great sacrifice 
of that analytical simplicity which must always he a leading consideration 
in the choice of purely illustrative examples. 
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71. Now the mass of ether “extruded” by the electron 
is 47rpCR,° and the expression (97) bears to this the ratio 
& ©, which may be very small provided C is small enough. 
Moreover, in the table given above, the mass of ether 
“extruded” by one gram of neutral matter is estimated at 
2:9x10-4 gram; and it therefore seems possible that the 
theory proposed may involve only a very minute non-electro- 
magnetic term in the total inertia of a body. 

72. Alternatively let the ether be regarded (for present 
purposes of illustration) as made up of thin coreless vortex- 
filaments pervading a frictionless liquid * of density p; the 
sum total of the vacuous cores comprised in any considerable 
volume of zther being so small a proportion of that volume 
that p may sensibly be identified with the average density 
of the ether. Let us further suppose, asin § 70, that the 
constitution of an electron involves etherial displacements 
expressible by (96), and that such differences of density as 
exist from one volume-element of sether to another are due 
solely to altered diameter of the vacuous cores, no alteration 
in the total length of cores per unit volume being involved. 
It then appears that what we have called the gravitational 
part of the inertia of an electron, in addition to the quantity 
(97) contains a term 


2 px volume of electron x average value of { volume of vacua 


2 
per unit volume of ether x ia log} sce (9S) 
dR 79 

where 79+ 67) is the radius of a vacuous core at a distance R 
from the centre of the electron, and 7, is a length corre- 
sponding in order of magnitude with a scale of structure of 
the zther. In (98) “volume of electron” must be under- 
stood as extending to all that region wherein ddr)/dR differs 
sensibly from zero. The addition of the term (98) does not 
disturb the conclusion that the gravitational part of the 
inertia of an electron may be very small compared with the 
mass of eether which the electron “ extrudes.” 


* Cf. Appendix D. 
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APPENDIX D. 
A Kinetic Model of a Slightly Compressible Medium. 

73. The representation of the electromagnetic properties 
even of free zether by means of a turbulently moving liquid 
is beset by difficulties which may well prove to be insuper- 
able; but it is nevertheless interesting to remark that a 
perfectly incompressible liquid, through which vortices are 
distributed, constitutes a kinetic model of a slightly com- 
pressible medium such as we have assumed the ether to be, 
provided some or all of the vortices are coreless. One way 
in which a very minute degree of compressibility may be 
represented, is by supposing only a small proportion of the 
vortices present to be coreless.) When such a medium is 
subjected to increased pressure, so as to diminish the volume 
occupied by the vacuous cores, the circulation around each 
vortex remaining unaltered, the energy of the turbulence will 
be increased by an amount equal to the work done by the 
pressure, and this additional energy is to be regarded as 
potential when the turbulently moving liquid is treated as a 
continuous medium. 

74, If we suppose each core, whether vacuous or con- 
sisting of rotationally moving liquid, to be of very small 
diameter in relation to the radius of curvature of its “ curved 
axis,” and very small also in comparison with the distance 
between neighbouring vortices, an expression may readily be 
obtained for the compressional elasticity of the medium. If 
p is the mean pressure, we shall have, for any point in the 
liquid sufficiently remote from vortices, 


D> Sa? — 8727.2 erie aise ° . (99) 


where 7, %,... are the radii of the various vacuous cores, 
4, Og, ... the circulations around them, and p the density 
of the liquid. Hence, extending the summation to the unit 
of volume, and calling 1,, /2,... the lengths of the respective 
coreless vortices comprised in that volume, 


p2lO? 
8p 


=. Seri U, say; . 2) 5) (2008 
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so that U is the total volume of vacuous cores comprised in 
unit volume of the turbulent liquid. Also, assuming the /’s 
to be invariable, 
dU_ p Me OR ae UD. 

ae eae re Q?? ° ° 
where, corresponding with any one vortex of strength Q, 
there is a volume v of vacuous core comprised within the 
particular unit volume now considered. The left-hand 
member of (101) represents evidently the reciprocal of the 
bulk-modulus of elasticity appertaining to the medium as 
a whole, while the velocity W of compressional waves is 
given by 


(101) 


1 
These expressions are given merely by way of illustration; 
they are of course far from being the most general, in the 
first place because of our assumption that all the vortices 
may be treated as linear, and in the second place because it 
has been supposed that the core of any one vortex either con- 
sists wholly of rotationally moving liquid or is wholly vacuous. 


Discussion. 


MrC.8. Wurreneran asked if the amount of energy stored in the ether 
was greater or less than it was in the past. 

Prof. C, H. Lrxs asked if the ether considered was the old one or a 
new one. He referred to an interesting point in the Author’s represen- 
tation of gravitation, namely, that matter was produced by the absence of 
something from the ether. In the theory advocated by Osborne Reynolds 
matter was produced by a deficiency in the normal piling, and recent 
theories seek to explain matter and gravitation by the absence of some- 
thing which is present in free ether. 

Dr C. V. Burton, in reply to Mr Whitehead, said he was not aware 
whether the amount of energy in the ether varied with time or not, 
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XXVII. On a Simple Physical Method of illustrating the 
Principles of Geometrical Optics. By R. M. ArcuEr, 
A.R.C.S¢., BSc. (Lond.)*, 


[Plate XXIV, ] 


THE principles of geometrical optics are frequently illustrated 
by experiments in which the images of narrow obstacles are 
obscured by similar obstacles arranged in the line of vision. 
This method is somewhat tedious and is open to the objection 
that the path of a shadow is traced rather than that of a 
beam. The following method is free from these objections, 
and will be found interesting and convincing +. 

The procedure is to allow light from a narrow rectilinear 
source to pass through a slit and fall upon a flat white 
surface at almost grazing incidence. In most cases the 
source may be the straight filament of a glow-lamp, and 
should be arranged parallel to the slit and not less than 
about 18 inches from it. Alternatively, a batswing burner 
with the flame “edge on” to the slit may be employed, but 
* must be screened from draughts by a suitable enclosure. 

It will be found easy to obtain upon the white surface a 
long narrow streak of light with sharp edges; and if a 
mirror be placed with its plane approximately normal to the 
surface another streak corresponding to the reflected ray will 
be seen. Similarly, the path of the beam after its emergence 
from a glass block or prism may be traced. When 
it is desired to trace the refracted beam before emergence, 
a glass tank of the required shape should be filled with 
water and the internal beam allowed to graze a white 
surface (e'g. that of a glazed tile) supported almost hori- 
zontally in the water. Provided, however, the glass block 
has a transparent base, all that is necessary is to coat the 
latter with white enamel paint and allow the internal beam 


* Read May 8, 1908. 
+ My thanks are due to Mr. R. S. Bowman, B.Sc., for the valuable 
assistance he hag rendered during the preparation of the photographs. 
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to strike this at a low angle. If in the above cases of 
refraction the incident light be bright, emergent beams 
which have been internally reflected several times will be 
observed. 

Very beautiful effects can be obtained by using many slits 
and casting the beam from a distant optical lantern upon them. 
This mode of illumination was adopted in the case of the 
photographs reproduced (Pl. XXIV.). Perhaps the most 
striking case to select is that of a narrow concave strip cut 
from a cylindrical mirror. If this be illuminated by a very 
wide beam, a general convergent effect will be produced. The 
broad beam may then be analysed into many narrow ones by 
interposing a cardboard comb, and the formation of a caustic 
demonstrated. For this latter purpose it is better to skew 
the mirror until its main axis is oblique to the incident light. 
The broad beam may then be used and the skew caustic 
traced upon the surface by a black crayon. When the comb 
is interposed all the reflected rays will touch the curve, and 
the whole reflected set will sweep round it when the comb 
is given a transverse displacement. The best effects are 
obtained when the radiant is small, distant, and brilliant. 
In lecture demonstrations the prism or mirror may be fixed 
on a sheet of white cardboard attached to a vertical board. 

When a divergent pencil is required a broad beam should 

be cast upon several narrow plane mirrors, and the latter 
turned until they converge the light upon the back of the 
slit. For laboratory purposes, however, it is generally 
sufficient to put the glow-lamp into different positions and 
trace the successive paths of the single beam. 
_ Cylindrical lenses do not give such good effects as 
mirrors; but if they are allowed to project through a 
narrow aperture in the cardboard the results are fairly 
satisfactory. 

Darkening the whole room renders the demonstrations 
more effective, but for individual work local screening is 
sufficient. 

In conclusion it may be remarked that quantitative results 
can be obtained of an accuracy comparable with that usually 
reached in experiments with the ordinary optical bench. 
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Discussion. 


Prof. C. H. Less expressed his interest in the neatness of the experi- 
ments, and said the Author's method of dividing up a beam was a very 
useful one. 

Mr A. CaMpBRiLt congratulated the Author and remarked that the 
methods described could be applied to other optical experiments. In 
using a vibration galvanometer or an oscillograph, an easy way to obtain 
a curve of the wave-form was to put obliquely in the path of the beam a 
sheet of white paper and vibrate it. 

Dr W. H. Ecctus also congratulated the Author upon his paper. 


XXVIII. Note on the Amount of Water in a Cloud formed 
by Expansion of Moist Air. By W. B. Morton, Pro- 
fessor of Natural Philosophy, Queen’s College, Belfast *. 


THE calculation of the total mass of water condensed, when 
a volume of air saturated with vapour receives a given 
sudden expansion, is an important step in Prof. J. Jd. 
Thomson’s determination of the charge on a gaseous ion f. 
In conjunction with the size of a single drop, as found from 
the rate of fall of the cloud, it gives the number of drops in 
unit volume and so the number of the ions which form the 
nuclei of the drops. In making the calculation Prof. Thomson, 
following C. T. R. Wilson, makes the assumption that the air 
is cooled down to the full extent by the adiabatic expansion 
before the drops begin toform. Then condensation proceeds 
and the latent heat liberated warms the air until the density 
of the remaining vapour is such as to saturate the air at the 
increased temperature. This process is, of course, irreversible. 
There is no reason to doubt that it represents closely the 
actual experimental conditions ; but with a view to estimate 
the amount of error which would be introduced by a small 
departure from the assumed process, it seems of some interest 
to calculate, for comparison, the result of the other extreme 


* Read June 12, 1908. 
+ ‘Conduction of Electricity through Gases,’ p, 122, 
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assumption, viz., that the expansion and condensation exactly 
keep pace with each other, the density of vapour at each stage 
being the saturation-density corresponding to the instan- 
taneous value of the temperature. In this case the process 
would be reversible, and we can equate the initial and final 
values of the entropy of the combined mass of air and water- 
substance. Since an irreversible change is accompanied by 
an increase of entropy, it is easy to see that on the new 
assumption we shall arrive at a lower value for the density of 
the remaining vapour and higher value for the mass of water. 
in the cloud. 

In both cases the solution is most easily obtained by a 
graphical method. We plot a curve connecting the vapour 
density p and temperature ¢ at any stage of the condensation, 
and find where it intersects the curve representing the 
maximum density of saturated vapour at different tem- 
peratures. In the irreversible case the former curve is the 
straight line. 


Se 
p & 


where (using the notation of the authors quoted) p! is the 
initial saturation density, « the expansion ratio, ¢, the calcu- 
lated temperature after adiabatic expansion, M the mass of 
unit volume of air after expansion, C specific heat of air at 
constant volume, L latent heat of the vapour. The heat- 
capacity of the drops is neglected in comparison with that of 
the air. For the reversible case the equation of constant 
entropy comes out 


(#MC + sp) log 5 miett f +L fe 


sy ae 
73+t 27345 
where, in addition to the symbols already define, s is the 
specific heat of water, T the temperature before expansion, 
and R the gas constant for one gram of air. 

I have plotted this curve for the particular case discussed 
in detail by Prof. Thomson, viz., starting from an initial tem- 


* Equation (2), loc, cit, 
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perature of 16° C., and giving an expansion of 1:36. The 
graph comes out practically a straight line running parallel 
to the irreversible line, both lines being nearly perpendicular 
to the saturation-density curve with which their intersections 
are sought. The numerical values come out on the reversible 
hypothesis, 


p=4:87x10-*, t=0°5, mass of cloud per cm. 5:06 x 10-®grm. 


as compared with the values obtained on the accepted 
assumption by Prof. Thomson, 


p=5'15x 10-8, t=1°2, mass of cloud per cm.® 4°77 x 107° grm. 


So that even on the extreme assumption here made we 
arrive at a value differing by only 6 per cent. from the 
other. We can infer that no error, comparable with the 
other inaccuracies attached to the methods of measurement, 
will be involved if the assumption of complete adiabatic 
cooling of the air does not exactly correspond with the facts. 


27th May, 1908. 


CHANGE IN WelchT 1 GRAMS. —> 


CLAOK. 


DIFFUSION CURVES 
FOR 


’ KEL. 


—— 


Fie. 4. 


20 


21 


+50 


+Q5r° 
40 DIFFUSION CURVES 
FOR 
K NO; 


IN GRAMS —> 


CHANGE IN WergéHT 


7imeé iw DA 


Proc. Phys. Seé, Vol. XXI. Pl. XXII. 


re. 6. 


25 —_————_— 
@{5) 
DirFusiON CURVES 
OBTAINED WITH {7} 
Tuses of VARIOUS Sizes 2 
20 é 
be [ete es 
A=1-059 A=\-69 
2 _ (6 
Le2 

15) g A= 1-025 
g g 
S 4 @ 
& 
S 9 
N BZ g 
N P 
S 10 g 2 
S 

J) 9 B 

N 
4 p ; 
s 
s g 
S 

05 ) b 

-04|- 

03 a 

02 

0! 

| 
0 1 e 3 4Q 5 6 7 8 9 10 


7/mE (nN OAYS —» 


ARCHER. 


Fie. J. 


General convergent action of concave (cylindrical) mirror. 


EiG32) 


Analysis of fig. 1 into narrow beams. 
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